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Abstract 
 
This experimental and numerical research project investigates the grooving 
behaviours of steels with different microstructures and properties. A spherical indenter 
is utilized in both scratch experiments and simulation. 
 The roles of microstructure on the scratch performance of Hadfield manganese 
steel, pearlite, tempered martensite, nano-bainite and martensite are explored. Another 
group of steels with different percentages of nickel and therefore distinct volume 
fractions of retained austenite is selected to study the influence of work hardening on 
scratch resistance. 
Wear grooves and material loss of the second group are evaluated by optical 
profilometry. The degree of wear (f) as a function of normalized depth (d/R) is plotted. 
The change of wear mechanism from ploughing to cutting is observed among Fe-0.6C-
Ni steels as a consequence of penetration depth. However, a different trend is visible 
for Fe-0.6C-20Ni such that the normalized depth increments lead to lower amounts of 
material removal.  
The wear is accompanied by severe plastic deformation in a subsurface deformed 
layer. The thickness of the strain hardened layer is employed to shed more light on 
scratch resistance and work hardening ability. Optical Microscopy (OM) and Scanning 
Electron Microscopes (SEM) are used to measure the thickness of deformed layers. 
The result shows a close relationship between the scratch resistance and thickness of 
the deformed layer. Moreover, Nano-indentation tests are carried out on the first group 
of steel to study mechanical properties of the subsurface abraded layer. 
Scratch modelling is utilized to simulate abrasive wear with two models: a linear 
elastic-plastic model which analyses the flow characteristics of abraded materials and 
a non-linear elastic-plastic model that evaluates the impacts of work hardening 
exponents during the scratch test. In the first model of the numerical study, the worn 
layer thickness was found to exhibit a similar trend with increasing groove depth as 
seen in the austenitic steels. In the simulations performed using the second model, 
work hardening was seen to impact on the flow pattern adjacent to the groove. High 
Abstract 
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work hardening rates led to a larger deformation zone with greater amounts of material 
being pushed to the sides of the groove. It is proposed that this phenomenon leads to a 
reduction in the amount of material that is removed at high penetration depths. Thus 
work hardening reduces material removal rates in deep scratching events.   
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1 Chapter 1 - Introduction 
Wear is the loss of material resulting from the interaction of moving interfaces 
over a surface [1]. From energy consumption and financial perspectives, wear has long 
been a matter of concern [1, 2]. Eyre [3] classifies the most common wear categories 
as Abrasive 50%, Adhesive 15%, Erosive 8%, Fretting 8% and Chemical 5%.  
If not suitably controlled, wear can impose high costs on industries such as 
metallurgy, mining, construction and agriculture [4]. Table 1-1 summarises the share 
of these costs incurred by the aforesaid industries:    
 
Table 1-1 Costs of Abrasive Wear in Various Industries  Based on the Federal Republic of 
Germany [5] 
INDUSTRY % COST 
Metallurgical extraction and ore mining 40 
Coal mining, grading and pulverizing 30 
Agriculture, construction, stone, gravel, and sand quarrying and sundry 
communication 
20 
Production engineering 10 
 
As one can see, among the industries, metallurgy and mining incur the largest 
share of wear expenditures. In 1990, for instance, the total global loss due to wear in 
the mining sector was estimated to be 123,954 million Euros, distributed as is shown 
in Figure 1-1. It is evident that the replacement of broken down equipment and 
maintenance both account for 88% of the total costs [6]. 
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Figure 1-1 Wear Worldwide Cost Distribution in the Mining Industry in 1990 
 
The grooving behaviour of material plays an essential role in wearing of 
industrial components. In excavation equipment like a digger tooth, steel is constantly 
exposed to continuous abrasions by new abrading particles [7]. The grooving wear 
resistance of steels can be evaluated using a single scratch test. A high-stress scratch 
test can reflect the actual material removal mechanism in a controllable tribological 
system. Applying a series of normal loads during the high-strain abrasive scratch test, 
we can replicate the real industrial situation experimentally and numerically. Of 
particular merit of scratch testing is that the indenter experiences negligible 
deformation (i.e. the indenter modelled as a rigid body in the scratch simulation) 
through the whole path of scratch testing. 
During abrasion, a subsurface deformed layer develops below the indenter due 
to severe plastic deformation and local work hardening. The abrasive wear can alter 
the structure of subsurface layer to a stage where it is no longer identical to that in the 
original material [8]. The detectable change in characteristics of subsurface deformed 
layer (i.e. microstructure and mechanical properties) is closely related to the bulk 
material properties and abrasion process [9-12]. Having different bulk microstructural 
characteristics, subsurface of steels strain hardens, thereby confining to exclusive 
properties during the abrasion process.  
Accordingly, it is required to accurately understand properties of the subsurface 
layer in steel worn components. Despite the few existing works in the literature in this 
area, little is known yet about the relationship between process-structure-properties 
and subsurface layer formation in abrasive wear of steels.  
Chapter 1 - Introduction 
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This study attempts to shed more light on these associations in addition to the 
scratch behaviour of steels. The main objectives of the research are listed below: 
 To study wear of scratched steels with different microstructures and work 
hardening capacities. 
 To characterise the microstructural and mechanical properties of the scratch 
subsurface.  
 To use numerical analysis to model the scratch test and interpret the 
experimental findings.  
 
1.1 Thesis Structure 
This thesis is organised into nine chapters as follows:  
Chapter 1, Introduction: introduces the motivation and scope of this Masters’ 
project. 
Chapter 2, Literature Review: offers a comprehensive literature review on abrasive 
wear, abrasively subsurface deformed layer and scratch modelling.  
Chapter 3, Materials and Methodology: Highlights the utilised materials, analysis 
techniques and experimental methods.  
Chapter 4, Microstructural and Mechanical Characterization of scratched 
Subsurface Deformed Layer: presents the main experimental outcomes of the project 
followed by the discussion on the observed outlines. Also, this chapter elaborates the 
influence of material composition and applied loads on the subsurface deformed layer, 
as well as white layer formation. The main focus of this chapter is on the 
microstructural and mechanical characterisation of scratch sub-surface deformed 
layers with optical microscopy (OM), scanning electron microscopy (SEM), electron 
backscattered diffraction (EBSD), Nano-indentation and optical profilometry. Finally, 
the wear results of the Fe-0.6C-Ni steels obtained from the applied scratch test are 
employed to illustrate the grooving behaviour of the steels.    
Chapter 5, Scratch Modelling: numerical simulation is used to study the material’s 
flow characteristics through the scratch test. In the first linear elastic-plastic model, the 
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degree of wear as a function of normalised depth deduced. In the second non-linear 
model, the effect of work hardening exponent on wear characteristics of the abraded 
material constructed. In the end, the subsurface layer thicknesses compared concerning 
critical plastic strain to correlate numerical results to experimental findings in both 
models. 
Chapter 6 presents the conclusions.  
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2 Chapter 2 - Literature Review 
2.1 Wear 
Wear is not an intrinsic material property. Wear is a system property called a 
tribo-system. Wear resistance may relate to multiple parameters like mechanical and 
geometrical properties of both abraded and abrading material or to the nature of 
abrasive particles, lubricant and environmental conditions [5, 13].  
As a complex mechanism, wear is classified differently. Based on the applied 
loads and wear conditions in the tribo-system, for example, wear can be categorised 
into scuffing, fretting, sliding and impact erosion. But based on the material removal 
mechanism, four main modes (shown in Figure 2-1) are recognised; 1) Adhesive wear, 
2) abrasive wear, 3) Fatigue wear and 4) Corrosive wear [14].   
   
 
 
Figure 2-1 Schematic Images of Four Representative Wear Modes [14] 
Adhesive wear occurs because of high local pressure at the asperity contact. 
Adhesive bonding occurs in the contact interface, and large plastic deformation is 
induced by dislocation in an atomic scale which resists against sliding. This 
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phenomenon happened as a result of compressive and shear loads. Due to adhesion in 
the contact area, a crack is initiated and propagated in the sliding direction leading to 
fragmentation from one surface and bonding to the other surface [14]. 
 In the abrasive wear, the inter-locking in contact interface of a harder particle 
causes damage in the softer surface. Therefore, a volume of surface material is 
removed leading to abrasive groove in the weaker surface. As for ductile materials, 
plastic flow is the dominant abrading mechanism whereas brittle fracture occurs in the 
brittle materials. A certain number of repeated contacts is necessary for the generation 
of fatigue wear. The rupture of the contact surface occurs in the level of stress less than 
physical shear stress [14, 15].  
When sliding occurs in corrosive liquids or gases, chemical or electrochemical 
interactions form reaction products on the surface. Such products can adhere to the 
surface and behave like the bulk material. However, in most cases, the behaviour of 
reaction products is very different from that in the bulk material. This sort of tribo-
chemical wear is accelerated by the corrosive environment is called corrosive wear 
[14].  
Among different sort of wear mechanisms discussed above, abrasive wear is the 
main contributor to the economic loss of the industries [3]. On the counter body in the 
abrasive wear, relevant mechanical properties are hardness, toughness, yield strength, 
work hardening capacity and young modulus. Wear resistance correlates with hardness 
[5, 16-20]. Performing systematic experiments on wear resistance of standard pure 
metals, Khruschov [21] find a linear relationship between the hardness and wear 
resistance (see Figure 2-2). However, after the heat treatment, they found a more 
complicated relationship for engineering steels. Compared to pure metals, they 
witnessed a lower slope of the wear resistance against hardness for the heat treated 
steels. The microstructure and properties other than hardness are essential.  
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Figure 2-2 The Effect of Metals Hardness on Abrasive Resistance (Khruschov [21]) 
 
2.2 Analytical Model of Abrasive Wear 
One of the preliminary models of abrasive wear is the one proposed by 
Rabinowicz [22] in which they modelled a rigid grit by a cone indenting and then 
traversing the surface (Figure 2-3). 
 
 
Figure 2-3 Model of Abrasive Wear with Single Grit [22] 
 
According to this model, the projected area of indentation by the cone and the 
yield stress due to indentation (hardness) produce the individual load on the grit: 
Fg = 0.5π(dcotα)2H                                                                                    Equation 2-1 
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Where Fg represents the individual load on the grit [N]; d is the indentation depth 
[m]; α is the slop angle of the cone, and H is the material hardness [Pa].  
The product of indentation cross-sectional area (d2cotα) and the traversed 
distance (I), is approximately equal to volume removed of the material by the cone: 
Vg = Id
2cotα                                                                                                Equation 2-2 
In Equation 2-2, Vg is the volume of material removed by cone [m
3]; and I is 
the travelled distance [m]. 
Substituting Equation 2-1 for Equation 2-2 results in the worn volume of 
material (Vg) regarding grit load, grit shape, and the sliding distance: 
Vg = 
2 L tanα
π H
 × Fg                                                                                                                             
Equation 2-3 
 
Equation 2-3 assumed by passing the single cone, all the material removed as 
wear particles. Although this assumption could be dubious since the proportion of 
material removed from the surface should be determined by the mechanism of abrasive 
wear. 
A more elaborated model for two-body abrasive wear suggested by Zum Gahr 
[23].  According to their model, the removed material does not disappear from the 
groove which is gouged during the abrasion by grit. Instead, a large proportion of the 
material displaced to the side of the abrading path. In the case of ductile materials, a 
high portion of material remains at the edges of the abrading groove. Figure 2-4 
depicts an ideal cross-section of an abraded groove in ductile abrasive wear. 
 
 
Figure 2-4 Material Removal and Displacement Model for Abrasive Wear [23] 
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Based on the model, a new parameter ‘fab’ defines the ratio of removed material 
((AV (A1- A2)) as debris by passing the grit to groove area (AV): 
 
fab = 
𝐴𝑉 − (𝐴1+𝐴2) 
𝐴𝑉
 
Equation 2-4 
 
 
Where fab is the ratio of material removal by passing a single grit; fab = 0 for an 
ideal micro-ploughing, fab = 1 for an ideal micro-cutting, and fab >1 for micro-cracking; 
AV is the cross-sectional area of the worn groove [m
2]; (A1 + A2) represents the amount 
of material pushed to the side groove [m2]. 
The ratio of the worn area with the abrading grit to the apparent area in actual 
contact can be calculated using Equation 2-5 [23]: 
AV/A = φ1 p / Hdef                                                                                                                                Equation 2-5 
Where φ1 is the shape factor of abrasive particles (e.g., for the pyramidal shape 
the approximate number is 0.1); P is the applied surface pressure [Pa]; Hdef is the 
hardness of material when highly deformed. 
Besides, for ductile material, fab concerning the effective and limiting 
deformation for the same material is calculated as below: 
fab = 1 – (φlim / φs)2/                                                                                                                          Equation 2-6 
In Equation 2-6, φlim is the limiting plastic strain (capability of deformation ~ 
2); φs is the effective plastic strain, and  is a term explaining the decrease in 
deformation or strain with a depth below the abraded surface and mostly affected by 
the work hardening behaviour of the worn material. The quantity of  is typically 1. 
Equation 2-6 clearly shows that fab is closely related to the material property. It 
means that plastic deformation and subsequent work hardening significantly influence 
the ratio of material removal.  
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2.3 Abrasive Wear Mode 
What is obvious is that abrasive particles can deform the material either through 
displacing part of that into the groove sides or through removing of the material [14]. 
Preliminary works [17, 24] on abrasive wear link the wear volume to the applied load 
and sliding distance. A decade later, Challen and Oxley [25]  focus on the deformation 
of soft asperity by a hard cone at the contact surface considering the friction coefficient 
and attack angle. Their orthogonal abrasion model recognised the slip-field lines for 
three different modes of deformation; ploughing, cutting and wedge formation 
resulting from a rigid two-dimensional wedge (Figure 2-5).  
 
 
Figure 2-5 Modes of Abrasive Wear: Ploughing, Wedge Formation, and Cutting from Left to 
Right [25] 
 
In their model, an ideal abrasive particle abrades a rigid-plastic material (see 
Figure 2-5). In the ploughing mode, the ridge of material pushed along the head of the 
abrading particle. While in the wedge formation mode, limited slip or complete 
adhesion occurs between the front face of particle and the raised plough of material. 
In cutting mode, the material is deflected off into the shear zone, flowing up the front 
face of the particle to form a chip [25].  
Through an experimental approach, Hokkirigawa et al. and Kato [18, 26-28] 
used a scanning electron microscope to evaluate the micro-mechanisms of abrasive 
wear. In a single pass of an abrasive asperity, they also achieved similar findings on 
the identification of wear modes whose results plus cross-sectional profiles of grooves 
has depicted in Figure 2-6.  
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Also, applying the spherical pin-on-disk tests, Hokkirigawa et al. [18] correlate 
the intensity of contact with the degree of penetration (DP). To this end, they specify 
the following formula: 
DP = R (
𝜋𝐻
2𝑊
)1/2 – (
𝜋 𝑅2 𝐻
2𝑊
 – 1)1/2                                                              
Equation 2-7 
 Where R and H represent the radius of the spherical asperity and the hardness 
of surface respectively, and W is the applied load. 
 
              
 
         
Figure 2-6 Wear Modes and Their Cross-sectional  Profiles of Grooves [18] 
 
Their findings on abrasive modes being the function of penetration depth (DP) 
and normalised shear strength (f) is in a good compromise with those of Challen and 
Oxley [25]. So, thanks to the solid lines extracted from the study by Challen and Oxely 
[25], Figure 2-7 presents a combination of their results. It can be seen that increment 
of from zero (an ideal micro-ploughing mode) to one (a typical micro-cutting mode) 
leads to scratch depth penetration increase. 
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Figure 2-7 Wear Mode as a Function of Penetration Depth (DP) and Normalized Shear 
Strength (f) [18, 27] 
 
Furthermore, five types of different heat-treated steels are employed by 
Hokkirigawa et al. [18] to see how hardness affects the wear transition. They conclude 
that the degree of wear () is a function of penetration depth in steels with various 
levels of hardness (Figure 2-8).  
 
 
Figure 2-8 Degree of Wear as a Function of Penetration Depth for Heat-treated Steels with 
Different Hardness [18] 
 
The formula below is specified to calculate the  degree of wear [18]:  
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Kab = fab 
∆𝑉𝑔 𝐻
𝑊
 
Equation 2-8 
Where Kab is the abrasive wear coefficient, W shows the load and ΔVg represents 
the groove volume for sliding distance. We see that fab and ΔVgH/W are indicators of 
fracture property and deforming property of the material under abrasion respectively, 
for the applied load and the shape of the indenter. Figure 2-9 reveals the degree of 
wear as a function of normalised depth fitted by a sigmoidal curve [7, 29].  
Equation 2-9 can generate the sigmoidal fitting curve:  
 
f = 1- exp [(-1/K) (d/R)3]                                                                          Equation 2-9 
 
 
Figure 2-9 fab as a Function of Normalized Depth ([18]) 
 
Where R is the radius of the tip, d is the depth of the scratch. K represents the 
constant number and defines the transition point from ploughing to cutting. Based on 
the transition point, a new parameter "scratch ductility" is set which has been linked 
to abrasive wear resistance. By using the scratch ductility parameter and material 
hardness, an abrasive map predicts the wear loss in the ploughing and cutting areas.  
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2.4 Scratch Test 
Penetration of harder particle into a softer surface during the sliding contact 
causes grooving wear [26, 30]. The grooving wear behaviour of material plays a vital 
role in wearing of industrial components. A comprehensive examination of a worn 
digger tooth used in an iron mine; for example, shows several wear grooves over the 
worn steels [31]. This large number of slots confirms a high wear loss of digger tooth. 
Figure 2-10a-b provides an example of the wear groove profile and its cross-section 
plot. It is also worth mentioning that grooves’ examination delineates all the three wear 
mechanisms including ploughing, wedging and cutting. 
 
Figure 2-10 a) Wear Groove Profile, b) Groove’s Cross-section Profile [31] 
 
The grooving wear resistance of steels can be evaluated using a single scratch 
test. A high-stress scratch test can reflect the actual material removal mechanism in a 
more controllable tribological system. So far, several works, among the existing 
research, have focused on the scratch hardness, surface friction measurements [32-36] 
and scratch behaviour of coated surfaces [37-39]. A scratch test also allows measuring 
abrasive wear when a hard indenter is utilised to generate a groove onto a surface. This 
way, abrasive wear can be simulated using an ideal single abrasion test in which 
variables such as load, speed, length, tip geometry and attack angle are controlled [40-
42].  
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After scratching, surface and subsurface that have already hardened may 
significantly influence the material wear [43-48]. It may look intuitively correct that 
work hardening plays an influential role in increasing the wear behaviour, but the 
influence of prior working is still controversial.  This behaviour is supported by several 
works in this area [49, 50] that conclude previous work hardening acts adversely for 
subsequent wear. For example, in case of the low ductility of the surface and 
subsurface deformed layer, a low resistance to wear can be expected notably when 
some cracks are observed in work hardened layers [51-53].  
The impact of the prior work-hardened layer on wear resistance can be 
influenced by the intensity of the strain and type of wear [54]. In case of different strain 
levels, for instance, the effect of pre-strain was dominant below 0.3 of plastic strain 
during impact wear [55]. In another study [52], the pre-strain steel showed a better 
resistance just for soft abrading particles. Venkataraman [56] showed that the 
initialisation of cracks below the subsurface deformed layer during prior working 
increased the wear rate of Aluminium alloys. Also, material detachment was facilitated 
by prior plastic work in martensitic steels during tumbler testing [54]. 
 
2.5 Abrasively Subsurface Deformed Layer 
Deformation of the abraded body is illustrated, during the sliding in Figure 2-11. 
We can see that three subsurface zones, with different features, may be created under 
different sliding conditions [44, 57]. The topmost layer undergoes a severe shear 
deformation and is likely to form a white etching layer that is different from the 
subsurface material. This layer appears white after etching under optical microscopy. 
Overall, two mechanisms can contribute to distinct microstructural characteristics of 
the top layer; 1) Severe strain rate as a result of sizeable mechanical deformation [58-
64], and 2) High frictional rubbing energy absorbed by the interface. The latter can 
enhance the surface temperature and lead to phase transformation or dynamic re-
crystallisation [65-72]. The second subsurface zone is the plastically deformed 
intermediate region. Below the nano-crystalline white etching layer, the intensity of 
microstructural refinement declines until the deformation zone. The next area is the 
plastic-elastic environment located between the deformation zone and the base 
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material. This zone is actually where the properties of the subsurface layer gradually 
shift toward the original undeformed material [44, 57].       
       
 
Figure 2-11 Subsurface Zones Below the Worn Surface [44, 57] 
 
 
Lindroos et al. [51] look into surface work hardening and wear behaviour of four 
martensitic steel with different degrees of hardness ranging from 400 to 550 Vickers 
Hardness (HV) plus a chromium carbide reinforced steel (750HV). In this study, the 
parameter “cutting to plasticity” is employed to evaluate the abrasion mechanism, 
which resembles the fab above utilised by Zum Gahr [23]. To compare the removal 
fraction of materials in a single scratch, we plot cutting-to-plasticity ratios versus the 
applied loads (Figure 2-12). In general, the more the scratch load, the bigger the 
material removal, in a situation when the wear mechanism shifts from ploughing to 
cutting. Among all the steels, HV500B only showed such a behaviour when increasing 
the load from 40 N to 80 N.   
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Figure 2-12 Cutting to Plasticity Ratios in Case of the Four Different Loads [51] 
 
 
Except for HV500B, other steels shifted towards the ploughing mode under the 
highest load, where the highest abrasive rate was also observed in a single test. 
Material removal calculation does not look so accurate.  Details of the calculation 
method are a missing part of the methodology. Xu et al. [73, 74] hire a different sample 
of steels (Interstitial (IF), Fully martensitic (FM), Dual Phase (DP), Quench and 
partitioning (Q&P) and Twining Induced Plasticity (TWIP)) and apply a different type 
of scratch test (multi-pass duel-indenters).  
In line with previous findings, they also witnessed a direct association between 
the accumulative strain and growth of the subsurface layer. Setup of their operations 
is evident in Figure 2-13a. Figure 2-13b shows the scratch depth derived from a multi-
pass dual-indenter scratch mode as a function of the thickness of the subsurface layer. 
A large indenter generates such a depth in the pre-scratching phase under seven distinct 
loads (0, 5, 10, 15, 20, 25, 30 N). At a critical load, subsurface experiences its 
maximum depth, and beyond that point, damage occurs to this layer resulting in a 
deeper scratch. 
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Figure 2-13 (a) Set-up of Multi-pass Duel-indenters Scratch, (b) Scratch Depth as a Function 
of Thickness of Subsurface Layer Generated by a Large Indenter [73, 74] 
 
Initial yield stress and work hardening capability are two parameters leading to 
the distinct thickness of the subsurface layer. IF steel with a lower hardness and work 
hardening capability reaches the local yield strength under a small preloading 
condition. This trend, in turn, leads to a thicker work-hardened layer compared to that 
in the case of the martensite steel with the highest yield and tensile as well as the lowest 
hardening. Also, TWIP steel falls into the surface hardening area owing to its high 
work hardening capacity.   
Figure 2-14 compares the thickness across five different steel under a medium 
load (15 N) with their maximum depth of those steels before having any damage. We 
see that IF indicates a much thicker work-hardened layer under the average load. 
However, this load is beyond the IF toleration, and it begins to yield and shift towards 
the damage regime. In contrast, TWIP steel hardens continuously even under the 
highest load (30 N), reaching up to 28µm. The red marks in the figure below separate 
the run-in and steady stages of abrasion. In the run-in stage, subsurface is not still 
entirely created. Though this study provides useful insights, it fails to compare the 
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thickness of the deformed layer across the steady stages. This missing point is going 
to be covered by the current study. 
 
 
Figure 2-14 The Maximum Thickness of Hardening Layer Abraded by Larger Indenter 
without Damage and Work Hardened Layer Thickness under Medium Load (15 N) [10, 73, 
74] 
 
To understand the response of materials under the pre-load scratch, Xu et al. [10] 
study the microstructure of cross-section perpendicular to the scratch path with SEM. 
As can be seen in Figure 2-15, shear deformation and grain refinement exist for all 
steels. 
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Figure 2-15 Cross-section Perpendicular to Scratch Track After Multiple Passes of Pre-
scratch and the Final Scratch for (a) IF, (b) FM, (c) DP, (d) Q&P and (e) TWIP steels [10] 
 
Using the thickness, they try to clarify work hardening capability of materials. 
They employ SEM to measure the depths of the subsurface deformed layer. As it is 
observed, in most cases, the black dash lines do not provide an accurate differentiation 
between the deformed and undeformed areas (See Figure 2-15). They justify such an 
inaccuracy by emphasising the existence of an approximately linear relationship 
between the thickness of the hardened layer and the scratch depth. However, this 
reasoning does not look quite convincing about the mechanical properties and work 
hardening capacities of the selected steels. So, the present study tries to cover such a 
shortcoming using a more accurate approach to characterise the microstructural and 
mechanical properties and to calculate the thickness.   
Bakshi et al. [75] look into the wear behaviour on pearlite, nanostructured bainite, and 
martensite steels with different hardness with a three-body abrasive wear test. The 
nanostructured bainite subsurface hardened while pearlite and martensite steels 
softened under the worn surface. Figure 2-16 shows white layer formation on the 
surface of all the three microstructures with different thicknesses. In pearlitic steel, the 
white layer is thick and continuous while in bainite, we find a thin and continuous 
white layer. In martensite steels, white layer is discontinuous with chips formed on 
that layer. 
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Figure 2-16 (a) Thick, and Continuous WEL in Pearlite, (b) Severe Deformation of Pearlite 
Lamellae Near WEL, (c) Thin, and Continuous WEL in Bainite, (d) Discontinuous WEL 
with chip formation in martensite [75] 
 
Based on [76], white areas in pearlitic and martensitic microstructures can be 
adiabatic shear bands. High strain rate induces localised plastic deformation in the 
abraded subsurface where the material cannot dissipate the heat out. Consequently, the 
material softens as a result of a dynamic recovery. Although, in the case of martensite, 
observing micro cracks implies that subsurface layer transforms into hard and brittle 
white etching regions [77, 78]. The work hardening mechanism in bainite is 
Transformation Induced Plasticity (TRIP) because of re-austenitization.    
In a similar vein, Narayanaswamy et al. [9] compare steels of different 
microstructures (single and multi-phase) and similar hardness (bainite, pearlite, 
martensite, and tempered martensite) regarding mechanical properties and white layer. 
They observe that in the multi-phase cases, microstructural constituents realign along 
the sliding direction. For pearlite steel, for example, a high plastic deformation leads 
to the realignment of ferrite and cementite lamellae along the groove direction 
(Figure 2-17 a-b). While in the situation of single-phase microstructures (martensite 
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and tempered martensite), a featureless white layer is likely to be created under severe 
shear deformation (see Figure 2-17 c-d).  
Narayanaswamy et al. [9] argue maximum deformation in multi-phase steels. 
But, the severe shear deformation which contributes to forming the white layer 
contradicts their statement. In their work micro-hardness test results reject the 
formation of white etching area in the martensitic and bainitic steels and the area of 
hardness measurement has not been reported clearly. The present study utilises a nano-
hardness approach to cover this and identifies mechanical properties of subsurface and 
white layer so that they can be better compared. 
 
Figure 2-17 Sub-surface Characteristics of Microstructures: Bainite (a), Pearlite (b), 
Martensite (c) and Tempered Martensite (d) [9] 
 
Narayanaswamy et al. [79] heat-treat Nano-bainite steels under different 
transformation temperatures, refining their microstructures into different retained 
austenite morphologies. Abrading such steels, they see that all experience a harsh 
plastic deformation as the bainitic ferrite and retained austenite realign towards the 
sliding direction (Figure 2-18). The intensity and thickness of the deformed layer vary 
in all those bainitic steel. Steels with lower transformation temperature presented a 
thicker white layer (Figure 2-18 a-b).  
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They employ a pin-on-disk test to evaluate the wear resistance. They find that 
by increasing the retained austenite, work hardening and wear rate rise continuously 
while the white layer thickness experiences a downward trend (Figure 2-18 b). What 
is salient is that in a pin-on-disk test, the temperature can manipulate microstructural 
and mechanical properties of the subsurface abraded layer. Also, forming the white 
layer may be influenced by the heat. So, this test may not be able to offer an actual 
manifestation of subsurface behaviour. This study uses a scratch test to predict the 
abrasive wear resistance better. Running a scratch test in a controlled environment 
enables the researcher to adjust the influential factors like load and tip geometry. Also, 
a scratch test does not leave room for concern about the repeated contacts with the 
abrading particles. Of particular merits of scratch testing is that the indenter 
experiences negligible deformation through the whole path of scratch testing.  
 
 
Figure 2-18 (a) Subsurface Characteristic of Abraded Nano-bainiticSteels: Nano-bainite-200, 
Nano-bainite-250, Nano-bainite-300, and Nano-bainite-350, Numbers Represent 
Transformation Temperature [79] and (b)  The Comparison Between Work Hardening, WEL 
Thickness, Volume Fraction of Retained Austenite, Wear Rate in Four Bainitic Steel 
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Despite most of the efforts to study the effects of work hardening through only 
micro-hardness measurements, the research that focuses on quantifying the subsurface 
thickness is rather scarce. Table 2-1 presents a summary of the works of the field that 
evaluate subsurface layer features (e.g. work hardening, depth and thickness) with 
different wear tests. 
 
Table 2-1 Comparison of Deformed Subsurface Characteristic in Abrasive Wear Tests 
Abrasive wear test                                              % of work        Depth of strain     Subsurface deformed 
Microstructure (HV)                                             hardening         hardened layer          layer thickness          
                                                                                                              (m)                           (m) 
[80] Abrasive impact wear 
(impact energy: 3.5 J)  
70 Mn martensite (630)                                             15                           50                           20.3 
[9, 79] Pin-on-disk (Load: 9 N)  
Bainite (358)                                                               38                                                        1.5 
Pearlite (326)                                                              43                                                          2 
Martensite (355)                                                          3                                                           2 
Tempered martensite (357)                                         6                                                           2 
Nano-Bainite (640)                                                     33                                                         1.5 
[75] Dry-sand, rubber-wheel (Load: 130 N)              
Pearlite (378)                                                              -12a                       50                               10 
Bainite (622)                                                                26                       100                               5 
Martensite (739)                                                          -20                        30                               5 
[51] Multiple scratch test  
(10 cycles, Load: 80 N) 
Martensite (500)                                                          30                        100                               
Martensite (515)                                                          63                        155                               
Martensite (550)                                                          25                        125                               
Martensite reinforced by Cr7C3 (750)                          23                        100                               
[10, 73, 74] Multi-Pass Dual indenter scratch test 
(10 cycles, pre-load: 15 N) 
Ferrite (100)                                                                                                                           32-(12)b 
Martensite (482)                                                                                                                    10.5-(2) 
Ferrite + martensite (316)                                                                                                     14.1-(24) 
Ferrite + martensite + retained austenite (308)                                                                     15.1-(24) 
Austenite (241)                                                                                                                     16.6-(28) 
a Negative numbers indicate softening mechanism 
b 
The thickness of strain hardened layers before damage initiation 
 
 
According to Table 2-1, the percentage of work hardening is the difference in 
the level of hardness before and after the wear test. The depth of the strain hardened 
layer explains cross-section hardness evaluation in the abraded subsurface. In the few 
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previous studies, the thickness is characterised mainly through optical or electron 
microscopic approaches.  
As can be seen in Table 2-1, the work hardened and deformed layer depth values 
are different. In the area far from deformation zone, the intensity of deformation too 
small to be characterised using even electron microscopy. But, a Nano-indentation test 
enables one to detect even the little differences in hardness of subsurface and material. 
As the top underground deformed exposes to abrasion, its thickness reflects the 
severity of abrasive wear. The thicker the deformed subsurface layer, the higher the 
work hardening of materials.  This phenomenon, in turn, leads to a deeper strain 
distribution. Next section elaborates this. 
 
2.6 Work Hardening Mechanisms in the High Strain Deformation 
Plastic deformation plays a vital role in the formation of the white layer and work 
hardening of the sub-surface layer. For the steel composition and strain rate, different 
work hardening mechanisms (e.g. twinning, stacking fault formation, and dynamic 
strain aging) may activate under highly abrasive wear [81-84]. Although work 
hardening mechanism increases the yield stress of materials, the effect of that on wear 
resistance is not unique. Cold-worked materials reflect a lower wear resistance [30] 
while materials with higher work hardening capabilities resist better against the wear 
[85, 86]. This difference can root in the parameters such as work hardening capacity 
and the volume of hardened materials. 
The deformation that induces the transformation from γ phase to α phase can 
lead to work hardening. The strain induced transformation of retained austenite to 
martensite (TRIP effect) in the Nano-structured bainite can increase ductility. The 
transformation leads to relaxation of the local stress and extra work hardening by two 
means; a) increment of hard phase volume and b) excess plastic deformation because 
of the applied strains. Phase transformation which is strongly related to morphology 
favours the moderate mechanical stability of retained austenite [87, 88]. The proper 
uniform elongation characteristics of TRIP-assisted steel can be the result of the 
composite deformation behaviour of the main phases rather than being the retained 
austenite effect [89]. 
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We can expect a different mechanism for lightweight steels such as Fe-Mn-Al-
C. Accordingly, the unique work hardening characteristics of this steel contribute to 
the rapid dislocation multiplication. This attitude, in turn, leads to the sub-grain 
evolution in the ferrite and austenite grains. The progressive sub-grain evolution 
includes formation, refinement and mostly rotation during the strain hardening. 
Concurrently, annealing twins interact with substructure development which can 
facilitate work hardening. The slow sub-grain evolution before failure occurs due to 
the size stabilisation. This behaviour exhibits strain accommodation capacity during 
the high strain deformation [90, 91]. In the case of twinning-induced plasticity steels 
(TWIP) with average stacking fault energy, early work hardening stage occurs with 
the planer (Taylor lattices) and wavy (cell blocks, cell) dislocation alignment.  
However, high manganese steels like Hadfield do not experience such a 
mechanism and get readily work hardened due to twinning [55, 81, 92, 93]. Dislocation 
tangles associated with the carbon-manganese pair has been reported to enhance the 
hardness [94]. In the non-severe impact loading condition, increasing dislocation 
density and stacking fault energy can cause work hardening [95]. 
 
2.7 White Etching Layer 
A white layer which is a featureless layer appears under the optical microscopy 
after the standard metallographic preparation. Because of the high corrosion resistance, 
it seems white after etching by nital or picral solution. This layer identifies as 
untempered martensite for steels. That is a thin and brittle layer whose hardness can 
increase up to 1200 HV. Many researchers in various manufacturing processes have 
investigated white layer formation mechanism and white layer microstructural 
characteristics such as electric discharge machining [96], grinding [97, 98], hard 
turning [99-103], as well as service parts like railway [68-70, 104-107], and roller 
bearing [65, 66, 76]. 
Three important mechanisms in various manufacturing processes lead to white 
layer formation [67]; (1) rapid heating and quenching that lead to phase 
transformation, (2) severe plastic deformation as a result of high strain, strain rate and 
temperature and (3) surface reaction to the environment. Each of these mechanisms 
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per se, or in combination with each other, might contribute to the formation of white 
etching layer. White layers may result from adiabatic shear bands [76] whose 
explanation follows. 
 
2.8 Adiabatic Shear Bands 
According to [69], adiabatic shear bands can generate white bands when the 
strain rate associated with localised plastic deformation exceeds 102 S-1 in steels. The 
heat generated by the high strain rate cannot dissipate fast enough to the areas around. 
Therefore, the temperature of that region boosts and softening outweighs the work 
hardening effect leading to more strain localisation [77].  
White bands are different from white regions. The latter is hard and prone to 
micro-cracks while former is mainly carbon-depleted ferrite zones with softer structure 
[78]. Adiabatic shear bands (ASBs) divide into transformed and shear bands. For steels 
with pearlite and Widmanstatten ferrite microstructures, shear bands formation are 
more probable. Whereas, the transformed bands often are formed in the bainite and 
tempered martensite microstructures.  
Cho at al. [108] investigated the formation mechanism of ASBs in case of the 
dynamic torsional deformation of AISI 4340 steel. They conclude that dynamic 
recovery is the primary metallurgical process which occurs during shear localisation 
because of high dynamic strain rates. The steps of equiaxed cell structure formation 
into ASBs follow [108] (See Figure 2-19): 
1. Arrangement and alignment of the martensite laths in the direction of shear 
stress, resulting in the formation of elongated sub-grains. 
2. Partitioning of elongated sub-grains into rectangular cells by forming 
transverse walls. 
3. Segregation of sub-grains and formation of equiaxed cellular structures when 
aligned laths lay side by side; 
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Figure 2-19 Schematic Diagram of the Microstructural Changes During Formation of ASBs 
in AISI 4330 Steel [108] 
 
 
2.9 White Layer Formation in Rails 
Multiple cyclic wheel-rail interactions form white etching layer at the railway 
surface which is hard and wear resistant [109, 110]. The surface in railway pearlitic 
steels is subject to repeated and frequent loading which is different from the worn-off 
process during the abrasive wear. However, it is still attractive to compare the 
characteristics of the white layer involved in both cases for their high strain rate and 
severe plastic deformation. White layer formation mechanism in both processes results 
from both thermal transformation and mechanical induction based on their 
involvement rates. Moreover, there are some resemblances between the mechanically-
induced layer and the abrasively deformed subsurface layer which are discussed more 
in chapter 4.    
There are two critical hypotheses for white layer formation in railway: 1) “Thermal 
Formation”, the increment of temperature is high enough to austenitize the steel, and 
white layer consists of the deformed martensite and 2) “Mechanical Formation”, 
carbon supersaturated ferrite forms after severe plastic deformation over the contact 
surface. In a plastically induced white layer, high pressure and shear stress conditions 
deform the pearlite structure and force carbon to migrate from cementite dissolution 
[105, 111, 112]. These two processes schematize in Figure 2-20. 
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Figure 2-20 WEL Thermal and Mechanical Formation in Railway [61] 
 
 
It has been proposed that the white layer forms due to the martensite phase 
transformation. Using synchrotron X-ray diffraction experiments, [70, 106] reveal that 
the white layer consists of martensite with a distorted tetragonal crystal lattice. 
Presence of retained austenite is a proof of WEL formation accompanying 
considerable temperature rise.  
Generally speaking, reaching the austenitization temperature for eutectoid steels 
is improbable. Instead, the pearlite at the rail surface undergoes severe plastic 
deformation. Based on [105], a nano-crystalline structure produced by severe plastic 
deformation and dissolution of cementite lamella may transform the microstructure 
into a quasi-austenitic-martensitic structure.     
Phase transformation is either related to mechanical fragmentation of cementite 
lamellae or thermal instabilities leading to segregation [58, 70]. Afterwards, firm 
contact of wheel and rail increases the surface temperature which, in turn, causes 
austenitization followed by martensite transformation during the subsequent cooling. 
Figure 2-21 indicates the formation steps of the white layer from broken cementite 
lamellae. 
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Figure 2-21 Model of White Layer Formation from Broken Cementite Lamellae [70] 
 
 
2.10 Effects of WEL and Its Mechanical Properties on Wear Behaviour 
The development of the white layer on the surface coincides the formation of 
residual and compressive stresses. Subsequently, these stresses would affect material 
features concerning fatigue life, wear characteristics and stress corrosion resistance. 
WEL brittleness feature can accelerate the propagation of micro-cracks and void 
formation especially in the fatigue wear, but some researchers [113] state that surface 
hardening, as a result of white layer formation, will improve wear resistance.  
Apart from the wear mechanism, wear resistance behaviour of the white layer is 
profoundly affected by the load conditions [60]. To support this, Yang studies the 
failure modes imposed by WEL during the impact test [114]. In his work, two models 
are proposed based on the experimental results. In the first model, delamination is the 
dominant wear mechanism when micro-cracks propagate along the path parallel to the 
abraded surface. In the second model, declare spalling occurs when micro-cracks 
propagate in the direction of deformation lines inside the deformed zone.  
The existing literature suffers from lack of studies that examine the wear 
response of the white layer to its mechanical properties. Even though, lots of 
tribological investigations have been done on the effect of the white etching layer on 
wear behaviour. The micro-scale thickness of the white layer is the significant barrier 
to characterise mechanical and wear properties. Yang, Fang [115] investigate wear 
behaviour of WEL previously generated by impact wear in a pin-on-disk machine and 
found two types of mechanisms: delamination and cutting. The materials experience 
cutting mode after the white layer delamination from the surface.   
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Mechanical properties and wear response of white layer are also are examined 
by Nano-indentation and pin-on-disk wear tests [60]. Mechanical properties such as 
Young's Modulus, yield strength, and hardness increased by 170, 390 and 180 %, 
respectively. Mechanical characterisation's positioning is shown in Figure 2-22 (left 
image).  
Wear characteristics of counterparts and pins (both were AISI 52100 bearing 
steel), with and without white etching layer, are examined for loads ranging from 100 
to 300 N (Figure 2-22 right plot). The wear volume of the specimen including the 
white layer jumps from 150 to 200 N. This critical load corresponds to a transition load 
under which wear regime changes to delamination. In contrast, a monotonous 
behaviour is visible in the pins with no white layer.   
   
  
Figure 2-22 Mechanical Characterization with Nano-Indentation (left) and Wear Volume of 
Pin Specimens Under Different Normal Loads (right) [60] 
 
In the above figure, the mechanical properties of white etching layer are 
measured only in seven points. Measurement across this small number of points which 
are also under the dynamic abrading contacts may intrigue uncertainty. To achieve a 
higher precision, a test with a more controllable setting is favourable at which the 
researcher can adjust the contact factors. 
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2.11 Scratch Modelling 
To better acknowledge grooving behaviour of materials, “Finite Elements 
Method” (FEM) can be employed. In a scratch test, using numeric analysis, a 
researcher can estimate the accuracy of standard scratch data [116]. So far, the 
influence of several parameters has been looked through sliding contact. Stress flow, 
tip geometry and material properties are parameters whose effects we study in the 
following cases: 
In the case of the tip geometry, the scratching behaviour changes through the 
type of employed indenter such as conical and spherical. Generally, sharply pointed 
style of the abrasive tip (conical) wears off material more than a round abrasive tip 
(spherical) [117]. That is why the sharp edge of a conical tip imposes a geometrical 
constraint which leads to an ununiformed deformation along the contact interface 
[118]. While spherical indenter leads to a more uniform and axisymmetric contact 
[119]. What should be noted here is that during the sliding with the spherical tip, the 
depth of penetration and pile-up height influence the geometry and contact angle. 
Takin this into account, material properties can be highlighted in sliding by round tip 
compared to conical indenter.  
By using a frictionless conical indenter and using Forge3 ®, Bucaille et al. [120] 
explore the effect of material rheology in an elastic-perfectly plastic model. For large 
rheological parameter (E/σ0 multiplied by the tangential of attack angle), they find 
higher friction and a more prominent ridge ahead of the indenter. Where E is Young’s 
modulus and σ0 is the yield strength. These two outcomes, in turn, lead to a higher 
plastic strain in the abraded material. So, those flow properties are influential in 
controlling the pile-up height [32].  
Regarding the tip geometry, the efficacy of the conical tip attack angles' is 
inspected for friction response of scratched aluminium alloy [121]. They measure the 
friction through two numerical models: 1) an elastoplastic model without damage 
criteria and 2) an elastoplastic model with damage criteria. Friction which grows by 
the angle increment shifts the wear mode form ploughing to cutting. Also, they identify 
the wear regimes obtained from SEM observations. Overlooking the adhesive 
component of friction and borrowing the analytical model from [122], they also 
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measure the friction analytically. Reading their study, one comes across an ambiguity 
in the identified wear modes through the numerical analysis. In other words, measuring 
the degree of wear is questionable without calculating the wear loss (see Figure 2-23). 
We attempt to fill this gap by finding how the degree of wear alters across grooving 
profiles, through numerical and experimental analyses.  
 
 
Figure 2-23 Correlation Between Friction Coefficient and Wear Mechanisms in Different 
Attack Angles [121] 
 
A Commercial FE program (ABAQUS) is used to simulate scratch test by rigid 
conical indenter [116]. Material properties are modelled with Von Mises elastic-
plasticity models material properties under isotropic hardening. For frictionless 
contact, the hardness of materials in cases of normal scratch and tangential scratch is 
found to be equal or slightly different. By increasing the friction, in case of high strain 
hardening, hardness in tangential scratch status is higher than that in the normal scratch 
situation. Overall, the representative strain was roughly 35 % which remains valid in 
the scratch process.  
[32] discusses the frictional sliding responses of elastic-plastic materials to their 
properties (such as flow strength and strain hardening) for a conical indenter. Their 
simulation findings were in compromise with their experimental results on mono-
crystal pure nickel. Plastic strain hardening exponent changes between 0-0.5 while 
flow strength (σy/E) varies between 0.0004 and 0.1. Figure 2-24 (a) depicts the 
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residual sliding profiles as a function of strain hardening exponent for σy/E = 0.001. 
As seen, the normalised pile-up heights increase from 0.2 to 0.75 when n values rise 
from 0.1 to 0.5. 
 
 
Figure 2-24 (a) Residual Sliding Profiles as a Function of Strain Hardening Exponent for 
σy/E = 0.001, (b) Equivalent Plastic Strain below the Tip for σy/E = 0.001. Crosslines are 
Simulation Results from Implicit Method Across Different Values of n [32, 33] 
 
 
The right plot (Figure 2-24 (b)) shows that work hardening exponent decrease 
leads to higher equivalent plastic strain near the surface. The mild slope of simulated 
plastic strain indicates that higher work hardening engenders more plastic strain 
distribution. As a result, the decline of pile-up height proves that material flows further 
beneath the indenter [33]. 
This study does not provide access to both the quantitative information on 
material removal and the modes of wear mechanism. Also, the impact of tip geometry 
(e.g. attack angle) as an indicator of contact intensity of materials is not evident in their 
model. Their predictions based on the finite element approach differ slightly from 
those based on their experimental results. This resemblance is mainly because of using 
pure nickel with homogeneous properties. Parallel, this study tries to fill up all these 
voids, employing a more widely and industrially used material to generate more 
reliable insights.   
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 One thing worth noting here is the effect of damage criteria (fracture) in the 
scratch behaviour. Since the initiating point on, fracture, for example, can impose 
significant deformation on the material under study. Therefore, element distortion can 
be an inevitable part of the wear process. In another model, the hardening and friction 
impacts of an aluminium alloy, abraded by a conical indenter, is studied on pile-up 
geometry [123]. To this end, they consider damage initiation patterns. Their findings 
propose the nexus between fracture strain and stress state. What is highlighted in their 
work is damage initiating point where material did not remove. In line with this, we 
assume a critical strain that indicates the initiation point of deformation. The other 
difference that this study makes from theirs is to use a spherical indenter to see the 
strain distribution in the abraded subsurface layer. 
Fang [124] modes scratched ridges for the spherical grit sliding using the 3D 
finite element method. The elastic-linear strengthening plastic model simulates the 
rheology of the material with no friction assumed between the contact surfaces. Sliding 
movements including vertical displacement vary from 0.01 to 0.1 mm, and the 
horizontal displacement is 1.2 mm. There are two critical points in Fang’s model. 
Firstly, when the hardening modulus is employed to define material properties, the 
input stress-strain curve is not clear especially at high values of strain. Secondly, the 
elastic recovery of the scratched surface is not taken into account since that can affect 
simulation results.   
Figure 2-25 a demonstrates  the volume fraction of material (f) as a function of 
penetration depthFigure 2-25. By increasing the scratch depth, f-values reflect a level-
off pattern. This pattern is similar to the S-shape curve introduced by Hokkirigawa et 
al. [18] when the increment of wear degree changes the abrasive wear mode from 
ploughing to cutting. The S-shape curve looks so realistic when material experiences 
only the ploughing mode. For example, the close examination of simulated ridge 
curves for lowest penetration depth can be seen in Figure 2-25b.  A higher ridge area 
than groove area is visible in the figure which leads to none zero degrees of wear is 
observed in the figure. 
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Figure 2-25 (a) Material Removal Fraction as a Function of Penetration Depth, and (b) 
Simulated Ridge Curve in the Different Indented Depths for 1080 Steel [18] 
 
A recent finite element model tries to simulate tip scratching on a smooth surface 
[125, 126] (Figure 2-26). They apply the Johnson-Cook damage criteria model [127] 
to simulate the failure mechanism under compressive and shear stresses. Based on 
Abaqus [128], shear damage criterion is employed to model volumetric wear based on 
the fracture strain and equivalent plastic displacement. A shortcoming of their work is 
that they do not explain clearly material removal process once the damage initiates. 
Besides, they do not elaborate any information about the mesh and contact pair method 
for their element.  
 
 
Figure 2-26 Overview of Three Simulated Wear Regime: (a) Ploughing, (b) wedging, and (c) 
Cutting [129] 
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Three different wear modes in their numerical modelling are ploughing, wedging 
and cutting (Figure 2-26a-c). A non-steady-state repetitive trend models the wedge 
formation. The drop of friction transforms the wear regime from wedging to cutting. 
However, these two simulated modes do not seem so accurate, and their experimental 
measurements do not support this. They also utilise the S-shaped curve to quantify 
abrasive wear by plotting the degree of wear as a function of scratch depth 
(Figure 2-27). A missing part of their work is lack of calculating the degree of wear 
using scratch cross-section profiles in both their simulated and experimental results. 
Accordingly, ploughing mode in the figure below differs significantly from that in 
[18].  
 
 
Figure 2-27 Degree of Wear Plotted as a Function of Penetration Depth [129]
Chapter 2 - Literature Review 
40 
 
 
2.12 Summary/Gaps 
During abrasion, a subsurface deformed layer develops below the indenter due 
to severe plastic deformation and local work hardening. The main findings of this 
chapter are as below:  
 
1. The scratch test can help to understand the abrasive wear behaviour of materials 
in a controllable harsh environment. Despite numerous efforts to study abrasion 
and scratch testing of steels, the existing research still fails to account for the 
effects of a broad range of microstructural and mechanical properties on the 
behaviour of the material under scratch testing.  
 
2. There is a deficiency of comprehensive experimental effort on the systematic 
analysis of scratch results including abraded material microstructure, subsurface 
hardness, surface profile and material loss looks necessary in this area. 
 
3. Recent numerical works have assessed the scratching behaviour with a conical 
indenter. The sharp edge of the conical tip imposes a geometrical constraint which 
affects deformation and wear's response considerably. There is a scope to utilise 
a spherical indenter to gain additional insight. 
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3 Chapter 3 - Materials and Methods 
In this chapter, the materials and methods utilised in this thesis will be discussed 
in details in the following sections.  
 
3.1 Materials Composition  
Two groups of steel are employed in this study:  
Group 1: the first group includes five different types of steels: Nano-bainite, 
pearlite, tempered martensite, martensite and Hadfield. Hereafter, the alloy Nano-
bainite, tempered martensite, martensite and Hadfield steels are referred to as “NBI”, 
“NBIP”, “NBIM”, “KG” and “HDF”. We received these scratched samples which 
have been previously heat treated from Dr Alireza Ghaderi.  
Except for the high manganese Hadfield steel, other steels are of the same 
chemical composition. Table 3-1 present their chemical composition and 
microstructures. In Nano-bainite steel, silicon is the main alloying element which 
prevents cementite precipitation from austenite and shifts the retained austenite to a 
more metastable phase at a low temperature. Alloying elements like manganese and 
chromium prevent the phase transformations. They do this by declining the martensite 
transformation temperature and refining austenite grains. Moreover, the high 
percentage of carbon (1.0 C) keeps the quantity of carbon high enough in austenite 
after transformation so that martensite cannot form.  
 
Table 3-1 Chemical Composition and Microstructure of First Group Steels  
Material Chemical composition (%wt) Microstructure 
NBI 1C-2.9Si-0.8Mn-0.1Ni-0.5Cr-0.1Cu Nano-bainite 
NBIP 1C-2.9Si-0.8Mn-0.1Ni-0.5Cr-0.1Cu Pearlite 
NBIM 1C-2.9Si-0.8Mn-0.1Ni-0.5Cr-0.1Cu Tempered Martensite 
KG 1C-2.9Si-0.8Mn-0.1Ni-0.5Cr-0.1Cu Martensite 
HDF 
1.38C-1.5Si-11.7Mn-2.7Ni-0.27Cr-
0.14Mo-0.46Cu 
Austenite 
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All steels have been homogenised at 1200 ºC for 8 hours. The NBI, NBIP, NBIM 
and KG steels have also been thermally processed after austenitization at 950 ºC for 
30 minutes to obtain the desired composition. For Nano-bainite microstructure, 
samples were transferred to the salt bath at 250 ºC and kept for 16 hours followed by 
air cooling. To get pearlite microstructure, samples were cooled from austenitization 
temperature to 550 ºC by the rate of 360 ºC/h and then were air cooled. To form 
martensite structure samples were water quenched from austenitization temperature. 
Lastly, to achieve tempered martensite microstructure, samples were first water 
quenched, after austenitization transformation, then tempered at 200 ºC for 2 hours 
and finally air cooled. Figure 3-1 presents the heat treatment cycle of NBI, NBIP, and 
NBIM steels. 
 
 
Figure 3-1 Schematic Representation of the NBI, NBIP, and NBIM Steel 
 
 
Group 2: The second group consists of four steel with different ratio of nickel. 
The homogenization temperature and timing were 1200 ºC and 24 hours, respectively. 
Followed by austenitization at 1000 ºC for 30 minutes, all the steels were water 
quenched. Carbon composes 0.6 % of all the steels while the nickel comprises between 
0 to 20 % of them. The nickel and retained austenite included in these steels were 0, 
4, 12 and 20 % and 1, 4, 27, and 100 %, respectively. Hereafter these steels will be 
labelled as Fe-0.6C, Fe-0.6C-4Ni, Fe-0.6C-12Ni and Fe-0.6C- 20Ni throughout this 
study. Regarding heat treatment, all the samples were tempered at 200 ºC for 1 hour 
and then were air cooled. 
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3.1 Material Selection  
Like in every other analysis, the more samples are selected of higher varieties, 
the more reliable findings are likely to be achieved. Considering a diversity of 
microstructures and work hardenings in the two groups of steels in this study, we are 
seeking to grasp the mechanical and microstructural behaviour of worn steels better. 
Accordingly, in the first group, we choose the following steels with high carbon 
and silicon.  
a. NBI (carbide-free bainite), composed of well fined bainitic ferrite lath and 20-
30% retained austenite. The retained austenite may undergo the martensitic 
transformation in the abrasion (TRIP effect), 
b. NBIP with fine pearlitic microstructure.  
c. NBIM composed of tempered martensite.  
d. KG with a fully martensitic microstructure containing lath of high dislocation 
density and 
 e. Hadfield with 12% Mn that can get highly work-hardened with austenitic 
microstructure. 
Also, except for Hadfield, the other steels of this group including NBI, NBIP, 
NBIM and KG are of similar chemical composition. These same compositions assure 
us that any observed difference in behaviour will not be due to various structures. SEM 
images of microstructures at different heat treatment conditions are presented in 
Figure 3-2 presents SEM images of microstructures at different heat treatment 
conditions. 
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Figure 3-2 SEM Images of Microstructures at Different Heat Treatment Conditions: (a) NBI 
- Nano-bainite, (b) NBIP - Pearlite, (c) NBIM – Tempered Martensite and (d) KG - 
Martensite 
 
The logic for choosing steels of the second group was to observe the wear 
resistance and worn behaviour depending on changes in the degree of work hardening. 
To this end, we should select steels of different compositions. In other words, here, we 
choose steels with different level of Nickel which, in turn, leads to varying capacities 
of work hardening.   
In line with this, in the second group, we allow the Nickel alloying element to 
vary across 0, 4, 12 and 20%. Doing this, we let the hardenability and impact strength 
of steels increase. In Figure 3-3, the transition from ferrite to the austenite phase is 
visible as a result of nickel addition in Fe-Ni diagram. In the case of Fe-0.6C-20Ni, 
the start temperature of the martensite transformation drops roughly to the room 
temperature. These alloys with four different volumes of lath martensite and retained 
austenite include: 
 a. Fe-0.6C with 1% retained austenite. 
 b. Fe-0.6C-4Ni with 4% retained austenite. 
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 c. Fe-0.6C-12Ni with 27% retained austenite and 
 d. Fe-0.6Ni-20Ni, fully-austenitic steel.    
 
 
 
Figure 3-3 The Fe-Ni Phase Diagram (Ms: martensite Transformation Start Temperature) 
[130] 
 
 
3.2 Methodology 
3.2.1 Sample Preparation for OP, SEM, Nano-indentation 
For OP microscopy (DP70, Olympus) preparation, samples were hot mounted 
with PolyFast resin and then coarse ground by 80, 240, 600 and 1200 grit SiC papers. 
Afterwards, specimens were fine polished with the diamond suspension of 15, 9, 3 and 
1 and finally etched with a 3% nital.  
SEM (Supra 55 VP) sample preparation using SE2 detector is similar to OM 
sample preparation. Samples for Electron backscatter diffraction (EBSD) and Nano-
indentation (Hysitron Nano-indenter Figure 3-4) were prepared with those mentioned 
above conventional mechanical polishing, ending up in colloidal silica slurry 
polishing. EBSD measurements are done using an SEM (Leo 1530), equipped with the 
HKL CHANNEL 5 EBSD tools for data acquisition.   
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Figure 3-4 Hysitron Nano-indenter 
 
 
3.2.2 Compression Test 
Contact configuration of wear in practice is complex. Normal or oblique 
compression and different type of sliding and rolling contacts occur during twear [14, 
27]. In this study, the scratch test was utilised to investigate grooving behaviour of 
steels. During frictional sliding, materials are under compressive stresses rather than 
tensile stresses. A scratch testing machine will apply vertical loads. The plastic 
subsurface layer is strain hardened significantly due to compressive loads. So, we will 
employ a compression test to explore the mechanical properties of Fe-0.6C-Ni steel 
like work hardening rate.  
For this purpose, we conduct two uniaxial compression tests on cylindrical 
samples of 6 mm height and 4 mm diameter: a) By a computer-controlled INSTRON 
30 KN machine equipped with a non-contact video extensometer and, b) Using a 
servo-hydraulic deformation simulator.  
 
Chapter 3 - Materials and Methods  
47 
 
3.2.2.1 Compression Test with INSTRON 30 KN 
The strain values are captured using a video at the constant rate of 10-3 s-1. The 
following equations are employed to calculate the true strain () and true stress (σ):  
 
 = ln (hf / hi), σ = (F/A0)×(hi / hf) Equation 3-1 
 
Where hi and hf represent the initial and final heights of the sample [mm] 
respectively; F is the normal load [N], and A0 is the initial area of cylindrical samples. 
To statistically reliable results, two compression tests are employed which were 
stopped at 20 KN final load. The correction of friction effect is also applied to the 
stress-strain curves as explained in [131].  
 
3.2.2.2 Compression Test with Servo-hydraulic Deformation Simulator 
We also conduct the uniaxial compression tests on the same cylindrical samples 
with servo-hydraulic deformation simulator. Samples strain at the rate of 0.01 S-1. A 
servo-hydraulic machine later compresses them until reaching 50% deformation while 
the applied loads range between 35-60 KN. The work hardening rate (d/d) is then 
estimation is by differentiating the true stress-strain data. The curves are smoothed at 
every 40 points to reduce the data noise. 
 
3.2.3 Scratch Methodology 
All specimens are ground by 80, 240 and 600 grit SiC papers for scratch test. 
Scratch tests are performed with the scratch testing machine shown in Figure 3-6 
(left). The servo-controlled single axis machine moves samples to under indenter. The 
vertically applied load is in the range of 100-4000 N. The indenter vertical load 
supplies with a 100 KN servo-hydraulic Instron test machine in the load control 
compression test. Then, samples clamp on a rigid base. The experiment starts with the 
application of a 150 N preload which increases gradually to the desired load. After 20 
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seconds loading, the axis drive of the scratch tester machine translates the samples 
with a constant load of 1 mm/s. Here, the length of the scratch is almost 35 mm for the 
samples. Also, the indenter is of a conical stylus (cone angle: 30º) with a spherical tip 
(radius ~ 1.1 mm). The applied load is in the range of 100 N to 2000 N. Also, the test 
conditions including indenter geometry and scratch loads were identical in both steel 
groups.  
 
3.2.4 Nano-Indentation 
Instrumented (depth-sensing) indentation using a pyramidal Berkovich indenter 
is employed to measure the hardness of scratch cross-sections in steels of the first 
group. Nano-indentation measurements are done with Nano-indentation tester 
(Hysitron, TI950). Followed by preliminary tests, the indentation parameters were 
selected as presented in Table 3-2:  
 
Table 3-2 Nano-Indentation Parameters 
Applied Load (N) 5000 
Drift monitor time (sec) 10 
Drift analysis time (sec) 10 
Drift target rate (nm/sec) 1 
Drift settle time (sec) 1 
 
 
The indentation matrix comprises of 20×20 indentations equidistantly spaced in 
12 m. This distance is enough to avoid overlapping of indentation plastic zone. The 
area of the square pattern (240×240 m) is big enough to include both white layer and 
subsurface deformed layers. Figure 3-5 shows the indented cross-section of NBIP for 
the scratch load of 2000 N.  
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Figure 3-5 Indentation Matrix in the NB/pearlite Steel for 2000 N Scratch Load 
 
 
The Hysitron Nano-indenter will be employed to obtain normal indenter 
displacement (depth of scratch). The hardness indentation maps of steels demonstrate 
work hardening capacity of the plastically subsurface deformed layer and white 
etching layer.  
 
3.2.5 Optical Profilometry 
A 3D optical Profilometer (AliconaTM InfiniteFocus) was used to evaluate the 
scratch profiles and measure the wear rate. The scratched samples were cleaned in the 
ethanol bath with an ultrasonic machine to get the surface loose wear debris removed. 
Figure 3-6 (right) presents the photo of Alicona machine: 
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Figure 3-6 Scratch Testing Machine (left), and 3D Optical Profilometer (Right) 
 
A precise comparison between different lenses and polariser utilisation showed 
that the 10x lens without polariser could generate the best scanning results. To address 
its sensitivity and the long-time scanning duration issues, we select five distances (7.5, 
12.5, 17.5, 22.5, 27.5 mm) instead of the scanning the whole scratch path. Figure 3-7 
provides with the schematic representation of scanning method. The metric width of 
every scan is approximately 600 m, and the cross-section of the scratch profile is the 
average of five measurements. The width of scanning (x) was extended far enough for 
the higher load with deeper grooves. This procedure shows the accurate selections of 
scratch cross-section baselines which can influence the f values and wear loss 
calculations. 
 
 
Figure 3-7  Schematic Representation of Scratch Scanning Method 
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3.2.6 Finite Elements (FE) Methodology 
The finite elements analysis (FEM) of the scratch test was performed using the 
Abaqus/Explicit code. The material properties needed to evaluate flow characteristics 
are Young’s modulus, yield strength, the coefficient of friction and strain hardening 
exponent. The effect of the flow behaviour of materials on the subsurface abraded layer 
formation is simulated using two models: Linear elastic-plastic model and Elastic-
plastic model with non-linear work hardening. 
Linear elastic-plastic model: To study the flow characteristics of abrading 
material, we use a linear strengthening mechanism in the plastic region with no 
elements removal. This model clarifies the material flow during the grooving wear. 
Results of this model are comparable with those of the next simulations with different 
work hardening. 
Elastic-plastic model with non-linear work hardening: The true stress-strain 
power-law hardening is employed to explore work hardening effect. This model 
evaluates the grooving features and plastic strain distribution for the materials whose 
work hardening capacities fall into a wide range of 0.01 - 0.3.
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4 Chapter 4 - Characterisation of Steels 
4.1 Optical Microscopy 
Group 1: Figure 4-1 presents the optical images of the first group of steels. 
Hadfield, pearlite, tempered martensite, Nano-bainite and fully martensite, in the first 
group are used as HDF, NBIP, NBIM, NBI, KG, respectively.  
 
 
Figure 4-1 Optical Images of as-heat treated Steels (First Group)  
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A Hadfield grade steel with 12% manganese has a fully austenitic 
microstructure. NBIP, NBIM, NBI and KG are high carbon and silicon steels with the 
same chemical composition and different microstructures. Their microstructures are 
fine pearlite, tempered martensite, martensite and carbide-free bainite, respectively. 
NBI composed of well fined bainitic ferrite lath and 20-30% retained austenite (see 
Figure 4-1).  
The scratch applied loads for the first group were 500, 1000, 1500 and 2000 N. 
To evaluate subsurface layers, scratch samples were cut perpendicular to the scratch 
direction. Figure 4-2 indicates the first group optical images of scratch cross sections 
under the load of 1000 N. Optical images were used to characterise subsurface highly 
deformed layers in addition to characterising the white etching layer. White etching 
layer appears white and featureless because of high corrosive resistance. This white 
etching layer is visible in NBIM, NBI and KG steels. Grooves are broader and deeper 
in softer steels like Hadfield and pearlitic steels. 
 
 
Figure 4-2 Optical Images of Scratch Cross Section at 1000 N Scratch Load in (a) HDF, (b) 
NBIP, (c) NBIM, (d) NBI and (e) KG steels. 
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Group 2: As mentioned in the last chapter, this group includes steels with 
different percentages of nickel (e.g. 0, 4, 12 and 20 precent) to study the effect of 
retained austenite. Adding Nickel stabilises retained austenite at room temperature.  
The microstructure is mainly comprised of martensite and retained austenite. Levels 
of retained austenite are almost 1, 4, 27 and 100 percent in Fe-0.6C, Fe-0.6C-4Ni, Fe-
0.6C-12Ni and Fe-0.6C-20Ni, respectively. Microstructural images of the second 
group are displayed in Figure 4-3. We can see that steels’ microstructures change from 
ferrite to austenite with increasing the Nickel percentage.  
Figure 4-4 exhibits the cross-sections of scratch under the load of 1000 N. The 
comparison between the width and depth of grooves in the same load (1000 N) can 
help to clarify scratch resistance of steels of different microstructures. Due to mostly 
martensitic microstructure, the size of the grooves is similar for Fe-0.6C and Fe-0.6C-
4Ni. However, in Fe-0.6C-12Ni and Fe-0.6C-20Ni, transforming phase from ferrite to 
austenite leads to softer microstructure and more prominent grooves.  
 
 
Figure 4-3 Optical Images of Group 2 As-quenched and Tempered Steels 
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Figure 4-4 Optical Images of Scratch Cross Sections at 1000 N Scratch Load in (a) Fe-0.6C, 
(b) Fe-0.6C-4Ni, (c) Fe-0.6C-12Ni and (d) Fe-0.6C-20Ni steels. 
 
 
4.2 Micro-Hardness Measurements  
Vickers micro-hardness of steels is measured over ten times, using 
microhardness tester (FT FM-700). The dwell time and load were 10 seconds and 1 
kilogram, respectively. The hardness values are depicted in Figure 4-5. Among other 
steels, Hadfield accounts for the lowest hardness (~180 HV) due to the soft nature of 
the austenite phase, while, NBIM exhibits the highest hardness (~600 HV). In the 
second group, the volume of martensite decreases with increasing the retained 
austenite.  
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Figure 4-5 Hardness Values of Specimens 
 
4.3  Compression Test Results 
Compression tests on Fe-0.6C-Ni steels were conducted using the Instron 5567 
30 KN testing machine. Figure 4-6 reveals the true stress-strain curves for these steels. 
All compression tests automatically stopped after reaching the maximum load (20 
KN). A non-contact standard video extensometer reported the strain values. By 
increasing the nickel percentage, true strain values rose from 0.02 to 0.16. However, 
the applied loads were not big enough to reach up to the fracture points. Based on the 
results, Fe-0.6C-20Ni has a higher capacity to accommodate strain under the similar 
stress. 
 
Figure 4-6 True Stress-Strain Curves of Fe-0.6C-Ni Steels Acquired by Instron 30 kN 
Testing Machine 
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Young’s modulus, as the linear slope of the true stress-strain elastic part, was in 
the range of 210-220 GPa. Table 4-1 reports the calculated offset yield strength (Rp0.2). 
Results demonstrate a proper consistency between yield strength values and hardness 
measurement (see Figure 4-5).  
 
Table 4-1 Offset Yield Strength Values 
Steels 
Offset Yield Strength 
Rp0.2 [N/mm2] 
Fe-0.6C 680 
Fe-0.6C-4Ni 745 
Fe-0.6C-12Ni 455 
Fe-0.6C-20Ni 260 
 
 
The servo-hydraulic deformation simulator was employed to evaluate Fe-0.6C-
Ni steels behaviour under higher compressive loads. True-stress true strain curves of 
Fe-0.6C-Ni steels are displayed in Figure 4-7. Consistent with the findings achieved 
by Instron 30 KN testing machine (Table 4-1), true stress-strain curves exhibit a higher 
offset yield strength for Fe-0.6C and Fe-0.6C-4Ni. However, failure in these steels 
occurs in lower stress compared to that in Fe-0.6C-12Ni and Fe-0.6C-20Ni. Fe-0.6C-
12Ni and Fe-0.6C-20Ni can stand a higher level of strain under higher compressive 
loads. Notably, Fe-0.6C-20Ni steel underwent a great deal of plastic deformation after 
yielding.  
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Figure 4-7 True Stress-strain Curves of Fe-0.6C-Ni Steels Acquired by Servo-Hydraulic 
Deformation Simulator 
 
 
Figure 4-8 illustrates the work hardening rate of Fe-0.6C-Ni steels as a function 
of their strain. The strains levels at which the work hardening rates change were 
distinct for specimens. Work hardening behaviour of steels with less Nickel (Fe-0.6C 
and Fe-0.6C-4Ni) was similar, whereas their behaviour reached its lowest point 
beyond 0.1 true strain and under 5000 MPa stress. The Fe-0.6C-12Ni work hardening 
trend experiences a plateau between 0.1 to 0.3 strains and begins to increase after 0.3 
strain. The most striking work hardening behaviour is visible for Fe-0.6C-20Ni steel. 
At 0.05 true strains, it drops to 5000 MPa and then dramatically grows up to the point 
where it reaches the highest rate (30000 MPa) under 0.4.    
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Figure 4-8 Work Hardening Behaviour of Fe-0.6C-Ni Steel 
 
 
4.4 Electron Backscatter Diffraction (EBSD) Maps 
I did EBSD measurements using the SEM Zeiss LEO operated at 20 kV. The 
step size of maps is in the range of 0.1 m to 0.7 m. Afterwards, data acquisition and 
post-processing were carried out using a CHANNEL 5 EBSD tool. The grey scale 
image quality (IQ) and inverse pole figure maps for the first group of steels are 
available in Figure 4-9. Also, Table 4-2 lists the phase fraction of these steels.   
 Grain size and phase distribution are compared qualitatively in the bulk material 
and in the scratch subsurface cross section. Also, EBSD images can help to understand 
grain refinement and phase transformation that happened below the scratches. Image 
quality (IQ) maps can characterise the lattice distortion. Deformed zone of the crystal 
and microstructure produce a low pattern quality. 
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Figure 4-9 EBSD Band Contrast and Inverse Pole Figure Maps (a) Hadfield, (b) NBIP, (c) 
NBIM, (d) NBI and (e) KG  
 
For Nano-bainitic steel (Figure 4-9d), the size of the bainitic ferrite is too small 
to be detected by the spatial resolution of the EBSD system. High dislocation density 
in Nano-structure microstructure leads to a 46 % zero solution (Table 4-2). These non-
indexed points (displayed in black in the maps) and grain boundaries are not well 
recognised. 
  
Table 4-2 Phase Fraction in the Steels of Group1 
 Phase Fraction (%) 
Microstructure Iron bcc Iron fcc Fe3C Zero solution 
HDF 0.3 99 0 0.7 
NBIP 98 0.1 0.3 1.6 
NBIM 81 4 1.4 14 
NBI 46 7 1 46 
KG 87 0 1 12 
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Figure 4-10, Figure 4-11 and Figure 4-12 depict the image quality (IQ) and 
inverse pole figure maps of the base of the scratch cross-section in HDF, NBIP, and 
KG, respectively. The magnification is lower for the Hadfield steel so the curved base 
of the scratch is more easily seen in these images. The non-indexed black area almost 
overlaps with scratch surface. Grain refinement under the higher loads results in a high 
dislocation density and leads to forming a non-indexed zone in the subsurface of the 
highly abraded region. The ultrafine grain formation in the subsurface layer can be the 
result of temperature increase caused by the abrasion and high values of compressive 
and tensile stress below the interface of material indenter [132]. 
Considering the fraction data in the quantitative phase and based on 
Figure 4-10a, the subsurface of Hadfield steel under the 500 N scratch load exhibits 
the lowest zero solution (~20) percentage. Under the higher loads, this number levels 
off in the range of 35 to 40%. As a result, the scratch load (1000 N) serves as a 
transition load beyond which the quantity of non-indexed area does not alter 
significantly. In the Hadfield subsurface employed in jaw crusher machine, the ultra-
fine grain formation has been also reported near the contact interface [11]. The work 
hardening and local heating account for the grain refinement.  
For pearlitic steel under the 1500 N load, a highly deformed region with a 
thickness of 50 m exists in the subsurface (Figure 4-11c). The non-indexed volume 
fraction under 1500 N load is two times more than that under the 2000 N load 
(Table 4-3). The 1500 N scratch load is the transition load beyond which materials 
cannot accommodate strain. Under the 2000 N load, the phase fraction was similar to 
that under small scratch loads. It shows that in the most substantial scratch load, the 
topmost layers could not withstand the higher strain and wear-off occurs due to the 
shear stress. 
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Table 4-3 The Comparison of NBIP Phase Fraction in the Different Scratch Loads 
 
 
 
 
In contrast, a different pattern in the martensitic steel is detectable. A linear 
relationship exists between the zero solution proportion and scratch load increment 
until 1500 N. The volumes of the non-indexed area are 12, 30, 50, 65 and 63 in the 
matrix, 500 N, 1000 N, 1500 N and 2000 N scratch loads respectively. Based on the 
Figure 4-12c and Figure 4-12d, the grain size at the very top surface was much smaller 
than the EBSD step size. The undetectable dark region (thickness~40 m) below the 
subsurface reveals white layer formation. 
 
 
 
 
 
 
 
 
 
 
 
 
 Phase Fraction (%) 
Scratch Load Iron bcc Iron fcc Fe3C Zero Solution 
500 N 66 0.1 2.5 31.4 
1000 N 76 0.1 2 21.9 
1500 N 32 0.1 3 64.9 
2000 N 66 0.1 2 31.9 
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Figure 4-10 EBSD Band Contrast and Inverse Pole Figure Maps of Hadfield Steel Under the 
Scratch Loads (a) 500 N, (b) 1000 N, (c) 1500 N and (d) 2000 N 
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Figure 4-11 EBSD Band Contrast and Inverse Pole Figure Maps of NBIP Steel in the Scratch 
Loads (a) 500 N, (b) 1000 N, (c) 1500 N and (d) 2000 N 
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Figure 4-12 EBSD Band Contrast and Inverse Pole Figure Maps of KG Steel in the Scratch 
Loads (a) 500 N, (b) 1000 N, (c) 1500 N and (d) 2000 N 
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4.5 Nano-Hardness Maps 
The hardness indentation maps of the first group steels are shown below (see 
Figure 4-13, Figure 4-14, Figure 4-15, Figure 4-16 and Figure 4-17). All the maps 
have been constructed using MATLAB v4 grid data method based on bi-harmonic 
spline interpolation [133].   
Results of Nano-hardness measurements for Hadfield steel confirm that the 
depth of work hardened subsurface layer get larger by the load increment 
(Figure 4-13). For the load higher than 1000 N, the strain hardened area extended to 
a more considerable depth but the value of hardness did not exceed 11 GPa. This 
hardness value is the maximum work hardening ability of Hadfield steel.  
 
 
Figure 4-13 Hadfield Scratch Cross-Section Hardness Maps (applied scratch loads: 500 N, 
1000 N, 1500 N and 2000 N) 
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Figure 4-14 NBIP Scratch Cross-section Hardness Maps (applied scratch loads: 500 N, 1000 
N, 1500 N and 2000 N) 
 
It can be seen in the NBIP (Figure 4-14), in that approximately 40 m of top 
surface experience work hardening with hardness value increase from 5 to 7 GPa. The 
most striking feature of hardness maps is in the 1500 scratch load under which the 
hardness of the subsurface layer reaches 14 GPa. This region, with such a high 
hardness, is characterised as a non-indexed area in the EBSD map (Figure 4-11c).  
Under 2000 N load also, a similar work hardening pattern can be seen, even though 
the thickness of the work-hardened layer is larger than that under other loads.   
The hardness measurement in the NBIM steel reveals the rise from 8 to 13 GPa 
in the 500 N scratch load. In Figure 4-15 can be seen that the area of work hardened 
layer extends progressively for the higher load. The round blue regions in the hardness 
map show porosity in the scratch cross-section with the lower hardness values. 
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Figure 4-15 NBIM Scratch Cross-section Hardness Maps (applied scratch loads: 500 N, 
1000 N, 1500 N and 2000 N) 
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Figure 4-16 NBI Scratch Cross-section Hardness Maps (applied scratch loads: 500 N, 1000 
N, 1500 N and 2000 N) 
 
 
Figure 4-16 displays the hardness maps of NBI. The strain hardening is visible 
close to the indenter and surface interface especially in the 60 m top area.  
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Figure 4-17 KG Scratch Cross-section Hardness Maps (applied scratch loads: 500 N, 1000 
N, 1500 N and 2000 N) 
 
 
As can be seen in Figure 4-17, for high loads, a 40 m red region with 14 GPa 
hardness is in the top of the indented square. This hardness value reflects white etching 
layer formation. This result is consistent with IQ EBSD maps (Figure 4-12c and d).  
The hardness of the first group steels is shown in Figure 4-18 for different 
scratch loadsFigure 4-18. As mentioned earlier, the Nano-indentation matrix 
comprises 200 measurements. Each hardness value in the figure below is the mean of 
40 hardness values achieved from the two rows of Nano-indentation measurements. 
The estimated work hardening value steels comprise ten values.  
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Figure 4-18 Nano-Hardness Values Distribution as a Function of Depth at Different Scratch 
Loads 
 
 
Different microstructures in the steels confirm the variation in the hardness 
distribution. The data is noisy, but the trends can reflect different levels of work 
hardening capacity. KG and NBIM steels showed small hardness increase, while the 
HDF shows hardening, as expected. 
 
4.6 Scanning Electron Microscopy (SEM) 
Figure 4-19a-e shows SEM microstructure micrograph with AsB detector under the 
1500 N scratch load. The region marked with dash lines demonstrates the subsurface 
deformed layer. The thickness of the abrasively distorted layer is different for all the 
steels. 
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Figure 4-19 The Comparison of Subsurface layer thickness AsB images at 1500 N scratch 
load  for group 1 steel; (a) HDF, (b) NBIP, (c) NBIM, (d) NBI and (e) KG  
 
 
As can be seen in Figure 4-19, the extent of deformation varies for each steel. 
Hadfield steel exhibits the highest depth of the deformed layer, followed by NBIP, 
NBI, NBIM and KG steel. The white etching layer formation is below the abraded 
surface of NBIM, NBI and KG steels (Figure 4-19c-e).  
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Figure 4-20 SEM Micrographs of Severely Deformed Region below the NBIP Steel Scratch 
Cross-sectional at 1500 N Scratch Load; (a) Micro-crack in the Interface of Highly 
Deformed and Undeformed Region, (b) Undeformed Pearlite Microstructure below the 
Subsurface Deformed Layer, (c) the Distorted Cementite Lamella Closer to the Surface and 
(d) the Dispersed Carbide in the Highly Deformed Layer 
 
 
The SEM micrographs of the NBIP scratch cross-sections are given in 
Figure 4-20a-d at 1500 N. The micro-crack in the highly deformed subsurface layer, 
and undeformed pearlite is detectable in Figure 4-20a. The crack propagated 
eventually along the deformed and undeformed layer due to different stress states. 
Below the heavily subsurface deformed layer (see Figure 4-20c) cementite lamellae 
were broken apart and transformed into the microstructure composing of ferrite matrix 
and dispersed cementite.  Distorted lamellae and small pieces of carbides have formed 
constituents of highly deformed pearlite (Figure 4-20d). 
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Figure 4-21 SEM Images of Severely Deformed White Etching Layer Below the (a-b) NBIM 
steel, (c-d) NBI steel and (e-f) KG 
 
 
The subsurface microstructures of the white layer under the 1500 scratch load 
for NBIM, NBI and KG are shown in Figure 4-21a-f. The close examination in the 
dashed square (see Figure 4-21a-b) for NBIM steel shows the highly deformed region 
with plastic flow lines in the white layer as well as in the subsurface deformed layer. 
The white etching layer comprised of the mixture of α and γ phases and highly 
elongated martensite laths in the strained direction.   
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Figure 4-21c-d shows the abraded layer of nanostructured bainite in two 
magnifications. The subsurface layer exhibited severe deformation with the 
realignment of bainitic ferrite lath and retained austenite, especially in the white layer. 
The elongated lamella is also visible in the area far from the first surface 
(Figure 4-21c).  
Similarly, the white layer formation in the martensitic microstructure can be seen 
in Figure 4-21e-f. During the low-speed scratch, the temperature below the scratch 
indenter may not rise that much to form a thermally induced white layer. The gradual 
slope between the subsurface deformed layer and the featureless white layer can 
support mechanically induced white layer formation. Severe shear deformation during 
the abrasive wear can play an essential role in the white layer formation [9]. Close 
observation of the top of the subsurface layer (Figure 4-21f) showed the fragmented 
α phase which is detectable from matrix deformed martensite.   
The development of subsurface layer depends on geometry, mechanical 
properties of contact as well as on material properties. In the high-stress abrasive wear 
with the large plastic deformation, three distinct zones are forming in the abrading grit 
and surface interface. These three regions from the surface to subsurface are white 
etching layer, plastically deformed layer and elastic zone, respectively. Formation of 
the white etching layer, however, cannot be observed in all range of steels due to their 
different microstructures (see Figure 4-22).  
The first region "white etching layer" could be categorised as a high plastic 
deformed layer whose microstructure is distinct morphologically and compositionally.  
In the second zone, plastic deformation and crystallites refinement occur in the 
subsurface layer. Reorientation and disintegration are the characteristics of the 
plastically deformed area. In the third zone, the combination of reversible elastic 
deformation and thermal cyclic takes place during the tribo-contact [57]. 
 
Chapter 4 - Characterisation of Steels 
77 
 
 
Figure 4-22 Schematic Presentations of Abrasively Deformed Layers below the Worn 
Surface 
 
The development of the subsurface layer is mainly related to the work hardening 
capacity of the abraded materials. Therefore, by quantifying the thickness of the 
deformed subsurface layer, we can evaluate the work hardening ability of materials. 
Optical microscopy and scanning electron microscopes (SEM, AsB and EBSD) 
are used to measure the thickness of deformed layers (Figure 4-23a-e). Then, these 
results are compared in the first group of steels. The most striking distinction between 
the measured depth is in the NBIP particularly under the lower scratch loads (see 
Figure 4-23b).  
Based on the results, in most of the steels, the strain-hardened layer thickness 
increased by the scratch loads increment. The only exception among the steels is NBIP 
whose depth of deformed layer is higher under the 1500 N load compared to that under 
the 2000 N. We can consider this scratch load as a transition load beyond which the 
wear mechanism shifts from mild to severe regime.  
[53] reveals that in Al-7075 alloy, a mechanically mixed layer forms as long as 
the alloy experiences a mild wear regime. Once the wear mechanism changed to the 
harsh regime, this deformed layer wears off. This removal in fact shows the onset of 
the sever wear. 
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Figure 4-23 Comparison between Subsurface Deformed Layer Thicknesses   Measured by 
Different Microscopic Methods in (a) HDF, (b) NBIP, (c) NBIM, (d) NBI and (e) KG  
 
As there is no considerable distinction between the thickness of the deformed 
layer using OM, SEM, AsB and EBSD approaches, we use OM to speed up 
characterisation and save time in the second group. The thickness of subsurface layer, 
as a function of scratch load, is shown in Figure 4-24a-b. For materials with the depths 
of the deformed layer lower than 50 µm, microstructures mainly comprised of 
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martensite (KG, NBIM, Fe-0.6C, Fe-0.6C-4Ni and Fe-0.6C-12Ni). Hadfield and Fe-
0.6C-20Ni reveal deeper subsurface deformed layer due to their higher work hardening 
capacities.  
 
     
Figure 4-24 Optical Microscopy Measurements of Abrasively Deformed Layer Thickness for 
the (a) Group 1 and (b) Group 2 Steels 
 
 
The initial yield stress and work hardening capacity lead to subsurface 
development in addition to different degrees of strengthening. [10, 73, 74] study the 
effects of microstructures on the development of the subsurface layer. Accordingly, 
steels with higher work hardening capabilities demonstrated better wear resistance. In 
a similar vein, strong surface work hardening capacity and ductility of the high strength 
steels promoted wear resistance in the high abrasive wear [51]. 
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Figure 4-25 Thickness of Deformed Layer as a Function of Hardness for All Steels 
 
The thickness of the deformed layer, as a function of hardness, for all steels 
under the 1000 N scratch load is given in Figure 4-25. Formation of work-hardening 
layer deriving from the plastic deformation is visible on and below the scratch surface. 
Therefore, the plastically deformed layer initiates faster in the steels with lower yield 
strengths. The depth of subsurface deformed layer declines with increasing the 
hardness of steels. The comparison between NBIP and Fe-0.6C-20Ni, with almost 
similar hardness and different thickness reveals that work hardening behaves 
differently in case of different microstructures. The thickness of the deformed layer in 
Fe-0.6C-20Ni is two times more than that in the pearlitic microstructure, indicating the 
better work hardening capacity of Fe-0.6C-20Ni.  
   
4.7 Surface Profilometry 
I received the first group of steels scratched. The profile scanning of these steels 
is available in the literature [7, 29]. Post-scratch processing conducted on the cross 
sections indicates the distinct groove characteristics in steels of the second group 
(Figure 4-26). Among all the scanned profiles, we graph those whose heights are 
closer to the average height. The Fe-0.6C-Ni sample revealed the non-uniform ridge 
and groove across the scratch length due to a brittle microstructure. This feature leads 
to more material loss in that compared to other steels. Groove width changed from 
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narrow to wide, and the ridge height changed from short to high with the increase in 
the ratio of Nickel from 0 to 20% (Figure 4-26b-d).    
 
 
 
Figure 4-26 Scratched Cross Section Profiles (a) Fe-0.6C, (b) Fe-0.6C-4Ni, (c) Fe-0.6C-12Ni 
and Fe-0.6C-20Ni  
 
 
The average area of side ridges (A1  A2) and groove (AV) is calculated based 
on the scratch profiles. Figure 4-27 reveals scratch loss (AV-(A1A2)) as a function of 
applied load for the steels. The wear loss increased with growth in the scratch load as 
expected. Under the lower loads (before 800 N), there is a linear relationship between 
wear loss and materials hardness. Fe-0.6C-4Ni, as the hardest steel, revealed a better 
wear resistance and Fe-0.6C-20Ni indicated the highest wear loss. Although, by 
increasing scratch load, the Fe-0.6C-20Ni resisted better against wear while Fe-0.6C 
exhibited the lowest wear resistance.  
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Figure 4-27 Wear Loss Due to Scratch as a Function of Load 
 
 
f calculation carried out using the model employed in [23] that used a scratch 
profile. Graphs in Figure 4-28 represent computed values versus the normalised depth 
(d/R). The sigmoidal equation below reveals the rough fitting of experimental 
calculated f values. 
 
f = 1 – exp [(-1/K) (d/R)3] Equation 4-1 
 
This sigmoidal function also shows the reasonable fitting with Hokkirigawa and 
Kato’s work [18]. Among Fe-0.6C-Ni steels, however, a different trend is visible for 
Fe-0.6C-20Ni. The normalised depth increments lead to smaller material removal. The 
scratched profiles in Fe-0.6C-20Ni (see Figure 4-26d) show a faster growth of ridge 
than groove once scratch load increased from 300 N to 1000 N.  
Adding nickel ratio into the steels transfers Fe-0.6C-20Ni to fully austenitic 
steel. This phase contributes to better work hardening behaviour.  
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Figure 4-28 f Values as a Function of Normalized Depth (d/R) for Group 1 Steel 
 
 
The wear degree of Fe-0.6C-20Ni seems unusual for it does not follow the S-
curve. A high percentage of retained austenite is likely to cause surface hardening 
during the sample preparation. For standard sample preparation, Fe-0.6C-20Ni steels 
are ground down to 600 micrometres. A Nano-indentation tester is then used to 
evaluate the level of surface hardening. Figure 4-29 shows the results of measurement. 
The indentation matrix is of 5×20 dimensions equidistantly spaced in 10 µm and 
applied load is 10 mN (Figure 4-29a). 
The hardness indentation map revealed surface work hardening in the first 60-
70 µm areas (see Figure 4-29b). The average of every two rows including ten 
measurements is reported as hardness value to investigate materials hardness versus 
the depth below the surface (Figure 4-29c). The results are offered in ten 
measurements equally distanced in 20 µm. The top three hardness values increased to 
approximately 4.25 GPa which are higher that the matrix hardness which is slightly 
above 3 GPa. This hardness difference corresponds to the surface work hardening 
created during the sample preparation.   
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Figure 4-29 (a) Indentation Matrix in the Prepared Fe-0.6C-20Ni Scratch Sample, (b) Nano-
hardness Map and (C) Hardness Graph as a Function of Scratch Depth  
 
 As a result, Fe-0.6C-20Ni was polished by diamond suspension up to 1 m to 
get a smooth surface and to get rid of surface hardening. Figure 4-30 compares two 
scratch cross-section profiles with the two said different sample preparations. 
Compared with the first sample preparation style, the area of the groove is lower for 
the second sample preparation, and the shoulders are higher. The differences between 
the scratched profiles are more distinguishable under the smaller loads. However, the 
overlapping of scratched cross-section profiles occurred under the higher loads 
especially for the penetrations deeper than 0.04 mm. 
Figure 4-28 shows the degree of wear as a function of normalised depth for all 
the Fe-0.06C-Ni steels in addition to the highly polished sample. In the highly polished 
sample, ploughing is the abrasive wear mode in the two smaller scratch loads. This 
confirmed surface hardening due to normal sample preparation. It requires us to choose 
the best sample preparation process in the steels with higher work hardening. Purple 
symbols mark the trend of highly polished Fe-0.6C-20Ni steel in Figure 4-28. Under 
the smaller scratch depths, ploughing is the ruling wear regime. In the higher scratch 
depths, f value reached 0.3 and then decline gradually down to 0.1. The overlapping 
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of f-values occurred under the higher loads especially for the scratches deeper than 
0.04 mm. This particular transition of abrasive wear modes, as results of indentation 
depth increment is elaborated later. 
 
 
Figure 4-30 Comparison of Fe-0.6C-20Ni Scratch Profile in the Normal and Highly Polished 
Sample Preparations 
 
Scratch hardness measurements are demonstrated, as a function of contact 
severity in Figure 4-31. Studying Fe-0.6C-Ni steels' scratch hardness generates more 
insights into the grooving resistance of the material under different penetration depths. 
The groove resistance of Fe-0.6C and Fe-0.6C-4Ni is higher in the deeper indentations 
owing to their brittle microstructures.  
 
 
Figure 4-31 Comparison of Fe-0.6C-Ni Steels Scratch Hardness as a Normalized Depth 
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So, it is better to employ these steels in the mild abrasive wear condition when 
material hardness influences the abrasive wear resistance. However, the grooving 
resistance of the steel with 12% Nickel exhibits no change in the wear regime from 
mild to severe. Similarly, the values of scratch hardness for Fe-0.6C-20Ni steel are 
almost the same. Higher ductility in Fe-0.6C-20Ni leads to a more stable trend in it 
compared to other steels. 
 
Table 4-4 Friction Coefficient Values for Fe-0.6C-Ni Steels 
Steels 
Scratch Load Range 
(N) 
Coefficient of Friction 
(COF) 
Fe-0.6C 300-1400 0.12-0.6 
Fe-0.6C-4Ni 300-1400 0.3-0.51 
Fe-0.6C-12Ni 300-1400 0.3-0.57 
Fe-0.6C-20Ni 300-900 0.4-0.9 
 
Table 4-4 presents friction coefficients. There is considerable fluctuation in the 
friction coefficients. This alteration is more significant at Fe-0.6C steel with a brittle 
microstructure. The lowest friction is related to the material removal period while the 
normal load is significantly higher than the lateral load. Fe-0.6C-20Ni significantly 
displayed higher friction, especially under higher scratch loads. The substantial 
friction between indenter and materials interface led to the tip adherence into the 
material. 
 
4.8 Discussion 
During high-stress abrasive wear, increasing normal loads induces higher plastic 
deformation leading to thicker sub-surface layer formation. Microstructures and 
mechanical properties of steels mainly influence the depth of the deformed layer below 
the groove. 
The highly dislocated martensite lath with brittle nature, for instance, cannot 
accommodate considerable strain under shear loads and therefore transforms into a 
thin white etching layer (Figure 4-19c and Figure 4-21e-f). The severity of strain 
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hardening is different across steels whose microstructures are comprised of both brittle 
and ductile phases like pearlite and Nano-bainite. The work hardened layer could be 
thicker in the pearlitic microstructure including hard cementite lamella and soft ferrite. 
The ductile ferrite facilitates cementite lamella realignment and strain hardens deeper. 
Nano-bainitic microstructure which has retained austenite is work hardened because 
of the Transformation Induced Plasticity effect [75, 87, 134] during the abrasion 
process. The subsurface layer includes two regions: white etching layer on top and the 
less deformed area below the white layer. Inside the retained austenite, the realignment 
of the brittle phase (bainitic ferrite lath) is also visible in the subsurface abraded layer 
(Figure 4-21c-d).  
However, austenite microstructure with fewer dislocations is more susceptible 
to get work hardened and forming a thicker deformed layer. The retained austenite 
TRIPing [75, 87, 135, 136], slip bands and different twin system are the possible work 
hardening mechanisms in the austenitic steels. Moreover, austenitic steels grains are 
refined significantly near the abraded surface because of heating and as a result of 
compressive and tensile stresses [11]. Similarly, in this study, grain refinement was 
observed in Hadfield steel under all the applied scratch loads (see Figure 4-10).      
The high work hardening austenitic steels showed the largest regions of 
subsurface hardening which is consistent with that in the literature [11, 137-140]. What 
has come to light in the present study is that the depth of the subsurface hardened layer 
continues to rise with the scratch load whereas the hardened layer depth saturates for 
all the other steels (Figure 4-24b).  
This trend is a consequence of work hardening on material flow which depicts 
in Figure 4-32. Higher scratch depths lead to markedly higher hardened zones only in 
the high work hardening austenitic grade. This phenomenon appears to affect material 
removal (Figure 4-28) where f drops with increasing depth. This finding is a 
significant observation because it enables the soft grade to outperform the hard one 
(Figure 4-27) in case of wear resistance at high loads. 
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Figure 4-32 Subsurface Deformed Layer Thickness and Scratch Depth in Fe-0.6C-Ni Steels 
 
One rationale is that material removal occurs by chip formation directly in front 
of the moving indenter. When the work hardening exponent is high, the flow extends 
far from the indenter, so far in fact that when chips are formed at increased depth, the 
chip can only be formed from a small fraction of displaced material. The remainder 
has been ‘pushed' too far from the wear track to be able to be included in the chip. To 
better understand this, the next chapter examines the numerical simulation of 
scratching.   
 
4.9 Conclusion 
The current study expresses characteristics of worn steels (HDF, NBIP, NBI, 
NBIM and KG) as well as describing the grooving behaviour of Fe-0.6C-20Ni steels 
during the scratch experiments. The following conclusions are drawn from this 
chapter: 
 
 The sliding movement of abrading indenter causes severe plastic deformation 
in the subsurface layer. The distinct extent of work hardening was observed 
for the steels as evidenced by the Nano-hardness measurements.  
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 Based on the microstructural characterisation, the morphology of the 
subsurface deformed layer is strongly related to steels’ microstructure and 
applied load. 
 Due to severe abrasive wear, the thin, hard and brittle white etching layer 
forms in the ferritic steels (NBI, NBIM and KG). The morphology of 
abrasively deformed layer in NBIP steels is different from that in white 
etching layer.  
 The Fe-0.6C-20Ni steel removal as a function of normalised depth did not 
follow the S-shape trend for deeper scratches. The formation of the very thick 
deformed layer below the indenter showed its high work hardening.   
 
 Material loss showed more dependency on hardness under the lower scratch 
loads (mild wear), although other parameters like ductility and work 
hardening were so crucial in severe wear condition. 
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5 Chapter 5 – Scratch Simulation 
Abrasion is a complex process in which many parameters such as properties of 
contacting surfaces, operating condition; applied load etc. are influential. Deformation 
and stress state of abrasive wear can be studied using the Finite Elements Method 
(FEM) under more controllable conditions.  
We calculate material removal fraction (f value) by groove cross-section profiles 
in the first model. The effect of contact severity on the thickness of the subsurface 
deformed layer is definable under certain circumstances. This study assumes that the 
deformed layer forms if the material meets the critical plastic strain. Comparison of 
linear elastic-plastic model with linear work hardenings of austenitic steels will 
produce more insights on material flow and deformed layer characteristics.   
    The next step after abrasive wear simulation is approximating material 
properties to the steel’s properties. In Abaqus, this is doable by defining a table of 
material properties with stress values depending on the plastic strains. These stress-
strain variables could be derived from compression tests. Therefore, it is possible to 
explore the effects of different material properties such as yield stress, Young’s 
modulus, coefficient of friction and work hardening on the wear behaviour of steels. 
However, there are some limitations to the numerical analysis of abrasion. In 
comparison with experimental characterisation, simulation is not able to characterise 
microstructures of abrading material. So, the groove behaviour of steels can be 
analysed only in case of applied stress and plastic strains in the model.     
 
5.1 Model Description 
The Finite Elements Analysis (FEM) of the scratch test is performed using the 
Abaqus/Explicit code. Sliding spherical indenter (rt = 0.5 mm) is modelled as rigid. 
The dimensions (depth, width and length) of the deformable workpiece are 18×10×3.5 
mm. The symmetry boundary condition is applied to save CPU time in the XY 
direction. The XYZ direction (yellow co-ordinate system) is expressed graphically in 
Figure 5-1. All three displacements are constrained in the bottom and rare lateral sides.  
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The three steps of the simulation are as follows:  
1) The vertical penetration of the indenter along the negative Y direction by 0.05, 
0.07, 0.1, 0.2 and 0.3 mm. 
2) The horizontal sliding of the indenter along the X direction by 4 mm, while 
the penetration depth is held constant. 
3) The vertical movement of the indenter toward the positive Y direction by 
removing the contact between the tip and surface.  
Selection of penetration depth is made using the mesh sensitivity evaluation. The 
scratch geometry convergence leads to 0.04 mm element size selection in the contact 
surface. Fine mesh size only is distributed along the tip and the scratch contact 
interface to decrease the computing time. The meshes far from this region are much 
coarser. The bilinear 8-node brick elements are used in the contact region when 4-node 
linear tetrahedron elements constructed the remainder of the model (see Figure 5-1). 
 
 
Figure 5-1 3D Mesh Model of FEM 
 
A semi-automatic mass scaling factor is employed to speed up the simulation. 
The value of kinetic energy does not exceed 10% of the internal energy [141]. The 
surface-to-surface algorithm was used to establish contact at the material-indenter 
interface. Due to heavy strain in the scratch test leading to elements distortion, an 
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adaptive mesh is employed to maintain the element integrity. The model comprised of 
276,000 nodes and 300,000 elements. 
Scratch modelling is utilised to simulate abrasive wear with two models: Linear 
Elastic-plastic model which analyses the flow characteristics of abraded materials and 
Non-linear elastic-plastic model that evaluates the impacts of work hardening 
exponents during the scratch test.  
     
5.2 Elastic-plastic Model with Linear Work Hardening 
Elastic-plastic steel properties with a linear work hardening are used to model 
material characteristics (Figure 5-2). The linear strengthening mechanism in the 
plastic region without element removal is employed to study the flow characteristics 
of abrading material.  The rheology of the material is modelled with four parameters: 
E = 211GPa, Poisson' ratio υ = 0.29, yield stress σY = 997 MPa and hardening modulus 
EP = 1537 MPa. The hardening modulus of material can be illustrated by 
Equation 5-1.  
 
𝐸𝑃 =  
(𝜎𝑇 − 𝜎𝑌)
(𝜀𝑇 − 𝜀𝑌)
 
Equation 5-1 
 
Where the σT and εT are tensile stress and strain, respectively, in the model, we 
assume a non-friction contact between the discrete meshes in the surfaces. 
 
Figure 5-2 The Linear Model of Material Behaviour 
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Figure 5-3a presents scratch profiles. Comparison of scratch profiles in the XY 
plane revealed similar patterns under different scratch depths. The first pile-up can be 
considered as an indentation consequence while the second pile-up is a result of sliding 
in the X direction. Pile-up height rises by increasing the penetration depth. This 
phenomenon is quantitatively similar to increasing (E/σY) when both are indicating 
elastic and plastic deformation rise during sliding [142]. 
 
 
Figure 5-3 (a) Scratched Profiles as Function of Penetration Depth, (b) Scratch Normal 
Loads as Function of Scratch Depth 
 
 
Figure 5-3b shows the normal load as a function of longitudinal displacement. 
As expected, the normal scratch load is higher for deeper penetration depth. The 
observed peak in the beginning is the effect of indentation step, and level off occurs 
by 1 mm longitudinal displacement. The magnitude of normal loads increased from 
200 to 1200 N with scratch depth increment from 0.05 mm to 0.3 mm. Figure 5-4a-e 
shows simulated ridges. 
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Figure 5-4 Simulated Ridges Curves Related to Scratch Depth, (a) indentation, (b) 1mm, (c) 
2mm, (d) 3 mm and (e) 4 mm distances along the scratch 
 
 
The plots of distance along the indentation and scratch exhibit stable stage of 
sliding among all nodes in the simulation regime. Based on Figure 5-4, the width and 
height of the ridge increase with an increment in the groove depth. For the highest 
scratch depth (0.3 mm), the height of the ridge raises from 0.15 mm in 1 mm sliding 
distance along the scratch to almost 0.35 mm after indenter leaves the contact surface. 
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In the scratching with spherical grit, such a pattern and ridge curves that account for 
the different parabolic pattern are argued by Wang [124].  
 
 
Figure 5-5 The Equivalent Plastic Strain versus Normalized Depth (x/R) 
 
 
The equivalent plastic strain versus none-dimensional depth is presented in 
Figure 5-5. We see that there is a linear relationship between plastic strain and severity 
of contact, especially for the lower scratch depths. The difference between the 
equivalent plastic values decreases by two higher scratch depths. This drop happens 
due to work hardening saturation in the ultimate strength that materials can withstand 
based on their properties. This observation is consistent with [143] in which the 
elements near indenter had a high value of equivalent plastic strain. Similarly, in the 
scratch, behind the tip, values of the plastic strain drop significantly by passing of 
time.   
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Figure 5-6 Comparison of f Values Measured in the Different Distances Along the Scratch 
with [124] 
 
Material removal as a function of normalised depth is calculated based on the 
model employed in [23]. For this, scratch cross-sections of the linear elastic-plastic 
model are utilised (Figure 5-4a-d). In [124], FE was employed to model the effect of 
round tip penetration. As can be seen in Figure 5-6, f values show a level-off pattern 
with increasing the depth of penetration (dash line). Consistent with that in [124], the 
distances along the scratch was decided to be 1.25 mm; it would be useful to compare 
the simulated f values of this study in such a scratch length with those of [124].  
The similar level-off behaviour appears in the simulating data for 1 and 1.5 mm 
distances along the scratch. There is a small difference between material removal 
values which can be the result of different parameters such as a modelling tool, mesh 
size and geometry of the workpiece.  
 
5.3 Elastic-plastic Model with Non-linear Work Hardening 
To evaluate the effect of work hardening exponent, material properties are 
modelled using experimental data. To this end, true stress verses true strain of steel 
with high work hardening is employed. It helps us to approximate simulation results 
to experiments. True stress-strain power law hardening (Equation 5-2) is employed to 
fit the experimental data.  
Chapter 5 – Scratch Simulation 
97 
 
𝜎 = 𝜎𝑦  (1 + 
𝐸
𝜎𝑦
 𝜀𝑃)
n                                                                         
Equation 5-2 
 
Where σy is the initial yield strength, εP is the equivalent plastic strain, E is the 
Young's modulus and n is the strain hardening exponent. Figure 5-7 shows the fitting 
results. Higher weight is given to the following sections of the experimental curves in 
the fitting procedure so that it accounts for the significant plastic strain during the 
simulation. In the fitted graphs, work hardening exponents range from 0.01 to 0.3. 
 
 
Figure 5-7 True Stress-strain Curves for Material with Different Work Hardening 
 
 
 The grooving features and plastic strain distribution are provided for two scratch 
depths 0.05 and 0.1 mm. A couple of analyses was carried out to find the optimal 
penetration depth. These two penetration depths represent both mild and severe 
scratches. The deeper scratch model caused abortion due to the nodes' excessive 
distortion. Groove profiles for 0.1 penetration depth are presented in Figure 5-8. 
Materials with higher work hardening reveal shorter primary pile-up in the indentation, 
though the second pile-up is not consistent with the work hardening values due to 
severe deformation during the scratch section. For the 0.05 scratch depth, the second 
pile-ups are smaller for larger n values due to the mild wear. The large capacity of 
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material for strain hardening pushes the plastic area further into the sides and 
subsequently declines the pile-up adjacent to the tip [132]. 
 
 
Figure 5-8 Scratch Profiles for Different n Values for 0.1 mm Penetration Depth 
 
 
Plots of distance along the indentation and scratch are shown for 1 mm 
penetration depth (see Figure 5-9a-e). For indentation and all intervals along the 
scratches, materials with higher work hardening have smaller ridges. These results 
represent that groove behaviour of materials with different work hardenings are 
uniform even during longer scratches. The difference in the height of abraded materials 
does not exceed 0.05 mm during all the distances along the scratch. Residual surface 
profiles, as functions of the work hardening exponent, are identical to those in the 
sliding model using a conical indenter [32].  
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Figure 5-9 Simulated Ridges Curves for 1 mm Penetration Depth Related to Scratch Depth, 
(a) Indentation, (b) 1mm, (c) 2mm, (d) 3 mm and (e) 4 mm distances along the scratch 
 
Equivalent plastic strain output is utilised to study the effect of plastic strain during 
grooving and deformation. For this purpose, an analysis of equivalent plastic strain 
plots shows that for both penetration depths, the strain is distributed homogeneously 
within 40-mm distances along the scratch path. Nodes located in the unloading step 
from symmetry plan are used to extract data. The schematic plots of selected nodes in 
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the vertical and horizontal directions are given in Figure 5-10 to understand coordinate 
systems better.   
 
  
Figure 5-10 Schematic Plots of Selected (a) Vertical Nodes and (b) Horizontal Nodes 
through the Scratch Path 
 
 
A semi-quantitative analysis is carried out to explore the effect of strain 
hardening on the rheology and material flow. Figure 5-11a-d depicts equivalent plastic 
strains as functions of distance beneath and across the surface for 0.05 and 0.1 mm 
penetration depthsFigure 5-11. The plastic strain drop occurred for materials with 
higher work hardening near the surface in 0.05 scratch depth (Figure 5-11a). This 
observation is compatible with [32] while for strain distribution below the surface, the 
decline in the slope of plastic strain was sharper for materials with lower work 
hardening. 
High plastic strain distribution of materials with higher n, consist with smaller 
ridges curves (see Figure 5-9a-d) due to larger material flow beneath the interface. 
Under severe grooving conditions (0.1 mm scratch depth) (Figure 5-11c), all materials 
pass work hardening saturation points of ultimate strength near the surface. For all 
nodes below the surface, there are more plastic strains for material with a higher 
hardening. 
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Figure 5-11 Equivalent Plastic Strain beneath and across the Scratch for (a), (c) 0.05 mm 
Penetration Depth and (b), (d) 0.1 mm Penetration Depth 
 
 
Equivalent plastic strain across the groove for 0.05 and 0.1 mm scratch depths 
are reported in Figure 5-11b and d. Higher values of plastic strain below the 
material/indenter interface are clear for work hardening higher than 0.1. In case of the 
smallest work hardening (n1), the area of the most considerable strain moves further to 
the zone within the pile-up.  
In contrast, such a pattern is visible only for the largest hardening (n4) in the 
model with 0.1 scratch depth (Figure 5-11d). By increasing work hardenings, high 
plastic strained areas shift towards pile-ups, far from material-indenter interface. These 
results are also consistent with the decreased pile-ups' heights in the simulated ridge 
curves (Figure 5-9a-d).   
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5.4 Discussion 
Although our simulations did not involve material removal, some insights are 
still achievable concerning subsurface layer formation. For this purpose, a critical 
strain can identify the subsurface deformed layer formation. 
In the first model of this study, by comparing subsurface layer formation in 
several equivalent plastic strains, the critical strain value is selected between 0.5 and 
1. A deformed layer is not created for smaller amounts. The depth of the deformed 
layer is estimated for two critical plastic strains (PEEQ = 0.5, 1) while the load is in 
the range of 200-1200 N. The values are in the range of those used in the previous 
experiments.  
Figure 5-12 illustrates a comparative worn layer thickness analysis between 
austenitic steels and simulated data. Figure 5-12plot the normalised subsurface 
deformed layer depth as the function of normalised depth. For experimental data, the 
abrasively deformed layer depths are measured by an optical microscope 
(Figure 4-24) and then was normalised by indenter radius. The reported numbers of 
the simulation belong to the depth of the deformed layer whose equivalent plastic 
strain is more than 0.5 and 1. These critical plastic strain values were selected based 
on the previous extant works [120, 144-147].    
Selection of Hadfield and Fe-0.6C-20Ni is due to similar properties and linear 
work hardening in the first model. Comparison of the two reported steels and 
simulations results represents appropriate compatibility between the normalised 
deformed layer thicknesses. Overall, their normalised abraded depths for the austenitic 
steel reveal a correlation with simulated results. Abrasively subsurface deformed 
layers thicknesses via scratch test is put between the simulated lines of 0.5 and one 
plastic strains. Hadfield steel values are closer to simulation depths having formed with 
the plastic strain higher than 0.5. The lower yielding stress and hardness of Hadfield 
steel could initiate deformed layer formation via lower plastic strain.  
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Figure 5-12 Comparison of Hadfield and Fe-0.6C-20Ni Subsurface Deformed Layer 
Thicknesses with Numerical Results 
 
There is a linear relationship between the scratch loads and deformed layer 
thickness which indicates the role of strain in the development of subsurface deformed 
layer. However, the rapid growth of thickness in Fe-0.6C-20Ni is observed especially 
after 0.4 normalised depth. The retained austenite strain induced transformation to 
martensite is visible with crack initiation in the scratch cross-section. The superior 
work hardening of Fe-0.6C-20Ni is also evident in Figure 4-7. 
Finally, we can conclude that subsurface deformed layer development in the first 
numerical model with linear work hardening is compatible with austenitic scratched 
steels with high work hardening. It seems that this approach could yield some insights 
despite the drawback of not including the damage. 
The second model aimed to study the influence of work hardening on the sliding 
response of materials. Concerning the importance of plastic strain distribution during 
grooving, several studies [32, 33, 123, 148] so far have examined the effects of 
hardening on residual surface profiles. A grooving model with spherical indenter 
which considers the mechanical properties can generate better insights in this area.  
Figure a5.13-d reports the equivalent plastic strain maps of tip sliding over the 
surface with 0.1 mm groove depth for different hardening valuesFigure 5-13. Plastic 
strain undergoes distinct distributions by increasing the hardening. Equivalent plastic 
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strain plots showed that for lower strain hardening values (e.g. 0.01 and 0.1) ridges far 
from the symmetry plane experience higher deformation compared to the material-
indenter interface (see Figure 5-13a and b).  
On the other hand, for the abraded materials with more strain hardening capacity 
(Figure 5-13c, and d), the severely strained area gradually moves beneath the indenter 
and propagated forward with further sliding. It illustrates more strain distribution with 
increasing n values during the abrasion. This observation is harmonious with shorter 
pile-up heights (see Figure 5-9) as the flow of materials expands further below the 
material-tip interface. 
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Figure 5-13 (a-d) Plastic Strain Distribution of Material with Different Work Hardening (n: 
0.01-0.3) for 0.1 mm Scratch Depth at Symmetry Plane 
 
These results are consistent with those in [149, 150] which revealed that work 
hardened aluminium resists better against the abrasive wear compared to the annealed 
material. During the abrading with spherical indenter, hardness increment via work 
hardening led to better wear resistance while the accumulation of plastic deformation 
and ploughing are the dominant wear mechanisms. Under strain hardened conditions, 
materials were pushed towards the sides of the scratch, whereas non work hardened 
materials were worn off as debris on the edges of the scratch path. Similarly, these 
simulated scratches with lower work hardening showed strain localisation on the 
scratches’ edges or pile-ups. This strain concentration makes them more potential to 
be removed. 
The equivalent distribution maps of plastic strain cross-sections are also used to 
better demonstrate the effect of work hardening (Figure 5-14a-d). After unloading in 
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the YZ plane, plastic strain maps are plotted, in the middle of the groove where the 
intervals across the scratch path set in 20 mm. The strain values changed from zero in 
the blue area to 4 in the red zone where they underwent the highest deformation.   
   
 
Figure 5-14 (a-d) Distribution of Plastic Strain in the Groove Cross-sections for Materials 
with Distinct Work Hardening 
 
According to the graphs, the highly induced strain area (red region) is 
concentrated near the shoulders for 0.01 and 0.1 strain hardening values. On the other 
hand, in the material with higher strain hardening abilities (n = 0.2 and 0.3), hugely 
strained zones transferred to areas near the material-indenter interface. The plastic 
shear strains are mostly distributed in the contact interface for work hardened materials 
[151, 152]. The plastic strain distribution on grooves' shoulders, in the none and low 
work-hardened conditions, (see Figure 5-14a-b) shows their higher removal 
potentials. 
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These results are consistent with those achieved from simulated ridge curves 
(Figure 5-9) and 3D strain distribution maps (Figure 5-13). However, cross-sectional 
strain distribution maps clearly show that the highly strained regions shrank in work 
hardened materials while the whole deformed strained areas extended significantly. 
Especially materials under the higher depths accommodated more plastic strains 
leading to their higher strain distribution. 
The comparison of the second numerical model with grooving behaviour of Fe-
0.6C-Ni is interesting in case of taking work hardening ability into account. For Fe-
0.6C-Ni steels, work hardening plays a vital role in the wear responses of materials. 
To this purpose, scratch cross-section profiles of Fe-0.6C-Ni obtained under 
1000 N load are plotted along with the simulated ridges. Figure 5-15 shows the 
comparison of predicted abrasion profiles in the symmetry plane (dash line) and side 
view of abraded Fe-0.6C-Ni steels (solid line). To plot experiments and simulation 
data together, we normalised heights and widths of scratches by residual penetration 
depth (hr) and contact radius (ar), respectively. 
   
 
 
Figure 5-15 The Comparison of Normalized Cross-section Profiles for Experiments and 
Simulation 
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The comparison of simulated ridges and scratch profiles shows a proper 
consistency between steels with the higher percentage of nickel and materials with 
higher work hardenings. The outcomes of numerical analysis without the fracture 
criterion are not compatible appropriately with those in Fe-0.6C and Fe-0.6C-4Ni 
profiles due to their high-level of wear loss (Figure 4-26). However, Fe-0.6C-20Ni 
steel with superior work hardening capacity appropriately fits the simulated ridge with 
work hardening of 0.3. 
Fe-0.6C-20Ni reveals smaller wear loss (Figure 4-27) among other steels, while 
irregular wear behaviour is also observed in higher normalised depths (see 
Figure 4-28) due to its significant work hardening potential. This fact indicates that 
this steel has a high capability to accommodate and distribute the strain through 
sliding. 
       
5.5 Conclusion 
The grooving behaviour of material was simulated in this chapter using two 
models: the elastic-plastic model with linear work hardening and elastic-plastic model 
with non-linear work hardening. The first model aimed to study the flow 
characteristics of steels, while the second simulation investigated the effects of work 
hardening exponent on the abrading process. The following conclusions can be drawn: 
 
 Higher work hardening significantly decreases pile-up height for material in 
different intervals along the scratch. 
 By increasing plastic strain hardening, local distribution of plastic strain 
transferred from ridges to material-indenter interface. 
 The numerically measured depth of the deformed layer is more identical to 
this layer in austenitic steels. 
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6 Chapter 6 – Conclusions and Future Work 
6.1 Conclusions 
The current work employs a single scratch test to assess the grooving behaviour 
of some steels: Hadfield (HDF), Nano-Bainite (NBI), pearlite (NBIP), tempered 
martensite (NBIM), martensite (KG), Fe-0.6C, Fe-0.6C-4Ni, Fe-0.6C-12Ni and Fe-
0.6C-20Ni. Notably, this dissertation not only studies the wear resistance of steel but 
also examines the mechanical and microstructural properties of worn steels. Using 
microstructural and work hardening capacity of the original material, this work 
attempts to evaluate the properties of subsurface abraded layer as well as its response 
to scratching. A numerical analysis is also employed to assess the flow characteristics 
of materials during the scratch test to build on previously achieved empirical findings. 
The significant achievements of the current study are summarised below: 
 Depending on the type of microstructures and scratch loads, we observe various 
microstructural and mechanical properties in the worn steels. In the first group 
of steels, hardening is ranked from highest to lowest in HDF, NBI, NBIP, NBIM 
and KG, respectively. Tempered martensite (NBIM), under 500 KN sliding load 
(from ~600 HV to ~1000 HV), showed the biggest difference in hardening from 
its bulk material. That was actually due to the white layer formation. From 500 
to 1100 HV, NBIP shows a considerable variation in hardening under 1500 KN 
sliding load. This hardened layer is composed of distorted lamella and fined 
carbides. The thickest worn layer, though, is detected in HDF, compared to other 
steels of this group. Overall, except for the steel with pearlitic microstructure, 
there is a linear relationship between the thickness of the deformed layer and the 
scratch depth.   
 Steel of different Nickel percentages (Fe-0.6C, Fe-0.6C-4Ni, Fe-0.6C-12Ni and 
Fe-0.6C-20Ni) are selected to study the effect of work hardening on the groove 
behaviour. Work hardening is found to alter the abrasive pattern. Plotting the 
degree of wear as a function of normalised depth for Fe-0.6C-Ni steel, Fe-0.6C-
20Ni does not follow the S-shape trend that other steels do, showing a lower 
wear loss under higher sliding loads. In this situation, at higher scratch loads, the 
ploughing mode is observed rather than cutting. Also, the thicker deformed layer 
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in the Fe-0.6C-20Ni, compared to that in other steel, indicates flow extension far 
from the indenter. When chips are created at increased depth, the chips can only 
be formed from a small fraction of the displaced material. The remainder is 
‘pushed’ away too far from the wear track to be able to be included in the chip. 
Overall, the depth of the subsurface hardened layer increases significantly in the 
austenitic steels (HDF and Fe-0.6C-20Ni) compared to other steels in the deeper 
scratches. This observation validates our understanding of the causes of higher 
wear resistance in work hardenable steels. 
 FEM is employed via two models (Linear and non-linear work hardenings) to 
link a range of mechanical properties to the scratch behaviour. In the first model, 
the thickness of the worn layer is similar to that of austenitic steel in the 
experiments. In the HDF and Fe-0.6C-20Ni steel, deformed layer depths fall 
between the depths resulting from simulated scratches whose critical strains are 
0.5 and 1. It means that scratch simulation results are in proper consistency with 
our experimental data despite the drawback of not including the damage in the 
numerical modelling. The results of the second simulation model with different 
work hardening rates confirm different strain distributions for the scratched 
material. For low work hardening rates, a region with a higher strain is found on 
the top-ridges of the groove with a higher potential to be worn off. For material 
with higher work hardening, the strain is mainly localised in the areas closer to 
the material/indenter interface. Hence, this leads to a lower wearing off potential 
and to better wear resistance in this case. This result is comparable with that of 
empirical examination. In Fe-0.6C-20Ni with the maximum work hardening, for 
instance, the least degree of wear off is visible. This finding is consistent with 
the previous simulation result.    
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6.2 Directions for Future Work 
 Abrasion on the industrial scale continuously occurs in multiple abrading 
contacts which lead to different extents of work hardening. Therefore, pre-
strained samples can be employed to generate better insights into the actual 
wear behaviour of the material. Applying scratch tests on worn steel will 
provide a promising chance to explore the effect of work hardening thoroughly.   
 In addition to evaluation of microstructural and mechanical properties, we can 
also explore wear characteristics of the subsurface abraded layer as well as 
white etching layer. Implementing Nano-scratch test over the deformed layers, 
for instance, can shed more light on the abrasive behaviour of steel.  
 As for scratch simulation, including fracture criteria which cause material 
removal is unrealistic because of severe deformation leading to elements' 
distortion. However, we can employ fracture models without material 
separation. This way, we can better work outflow properties of the simulated 
subsurface deformed layer by considering fracture criteria.  
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